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ABSTRACT
Waterbodies are impaired by, among other things, discharge from onsite small-scale 
wastewater (WW) treatment systems. Hence, these systems need to be updated to 
improve the effluent quality and the reuse of nutrients within society. The objectives 
of this thesis were to find suitable sorbents for a small scale WW treatment system, to 
investigate the performance of a willow bed in cold climate and to evaluate the 
function of a proposed WW treatment system adapted to sustainable development in 
cold climate.  

Column experiments were performed to study the ammonium adsorption and 
desorption of clinoptilolite. Laboratory scale studies were conducted to estimate the 
phosphorus (P) retention of blast furnace slag (BF slag). Further, a full-scale WW 
treatment system was implemented in northern Sweden and was operated over 16 
months. The system comprised of a willow bed and two parallel P filters, namely BF 
slag and Filtralite-P. A stream of primarily treated WW from a village was pumped to 
the treatment system. 

The results from the column experiments showed that ammonium adsorption of the 
studied clinoptilolite and the desorption of previously adsorbed ammonium was too 
low to be an economically reasonable alternative for WW ammonium retention in 
small-scale WW treatment systems.  

The investigated weathered and coarse-grained BF slag had a low WW P retention, 
with the overall P sorption below 100 mg P/kg. Therefore, the material is not suitable 
for P retention. Fresh and fine-grained BF slag demonstrated to be an effective P 
sorbent in laboratory experiments. However, the release of sulphuric compounds 
from the BF slag was extensive and may hinder its utilisation as P sorbent.  

Filtralite-P was found to be a promising P sorbent with a WW P sorption of about 
370 mg P/kg at the end of the full-scale experimental period, and still with remaining 
capacity to retain P.

The willow bed functioned as a treatment step due the reduction of nutrients, solids 
and BOD, and there was no significant difference in winter and summer performance. 
Climatic conditions seemed not to be a hindrance for willow beds in northern 
Sweden. However, the stemwood produced in the willow bed would replace only a 
small fraction of a household’s energy needs for heating and warm water.  

In the full-scale study, the treatment system with BF slag filter fulfilled neither of the 
protection levels given by Swedish Environmental Protection Agency (SEPA) during 
the experimental period. The Filtralite-P treatment line fulfilled the requirements of 
the low protection level by SEPA for the 1 year operating period and the 
requirements of the high protection level for 2 months. The need of maintanance in 
the studied treatment system was small and the operation was steady. 
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1 Background 
1.1 Framework 
Awareness towards onsite wastewater (WW) treatment systems has increased 
in westernised countries due to waterbodies being impaired by pathogens and 
nutrients discharged from these treatment systems (DMEE, 2000; USEPA, 
2002; Formas, 2006). For instance, in Sweden during the years 1995 and 2000 
small onsite treatment systems were responsible for about 20% of the gross 
anthropogenic phosphorus (P) discharge to the sea, while municipal WW 
treatment plants accounted for 15% with 85% of the population connected 
(SEPA, 2003). In approximately one million onsite treatment systems, WW is 
often treated only in a septic tank or in a septic tank followed by a soil 
treatment system or a sand filter (Palm, 2005). These conventional systems can 
work well if they are installed and maintained properly (USEPA, 2002). 
However, this is not often the case, since investigations conducted by Swedish 
municipalities have shown the need to improve many of the onsite treatment 
systems (Palm, 2005). In the United States, 20 states showed a failure rate of 
similar systems as estimated in Sweden, i.e. up to 70% (Nelson et al., 1999). 
Thus, many industrialised countries, including Sweden, have adopted 
regulations or guide-lines for onsite WW treatment systems (DMEE, 1997; 
AS/NZS, 2000; NSDEL, 2001; Finnish Government, 2003; USEPA, 2005; 
SEPA, 2006).

The Swedish parliament adopted 15 environmental quality goals based on an 
ecologically sustainable development, with 1 aim of no eutrophication in 
Sweden. An action plan formulated on the quality objectives (SEPA, 2002) 
contains a long-term objective of returning WW nutrients to the soil. An 
intermediate target of the long-term objective was formulated as follows: “by 
2015, at least 60% of the P in WW shall be restored to productive soil, of 
which half should be returned to arable soil”. To approach these aims, Swedish 
Environmental Protection Agency (SEPA) has published directives for small 
onsite WW treatment systems (SEPA, 2006), containing among other things, a 
demand of enabling recovery of WW nutrients and a specification of system 
treatment efficiencies. The specification is given for two protection levels, 
normal and high. At the normal protection level, the treatment system total 
phosphorus (tot-P) reduction should be 70% and BOD7 90%. At the high 
protection level, tot-P reduction should be 90%, BOD7 90% and total nitrogen 
(tot-N) 50%.

To approach these objectives, small onsite WW treatment systems need to be 
updated. Hence, the loading of waterbodies with organic matter and nutrients 
will be decreased and the recycling of nutrients within society can be 
improved. 
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1.2 Willows in wastewater treatment 
Willow (Salix spp.) is a non-food crop with high biomass yield (Christersson et 
al., 1993), a high nutrient uptake, especially N (Ericsson, 1981a; Elowson, 
1999) and a high evapotranspiration rate during the growing season (Persson & 
Lindroth, 1994; Lindroth et al., 1995; Ledin, 1998). Moreover, some willow 
species have an ability to take up cadmium, thereby reducing the cadmium 
content in soil (Hasselgren, 1993). When the willow coppice is harvested, the 
nutrients are removed from the system (Adegbidi et al., 2001) and the produced 
biomass can be used instead of fossil fuels for heating, reducing CO2 emissions 
(Börjesson, 1999a; Heller et al., 2003).

One of the most growth limiting factors of willow is temperature (Perttu, 
1983). Willow energy harvesting is economically favourable in areas where the 
temperature sum exceeds 1,100 degree days (Perttu, 1979). Due to climatic 
conditions, willow coppicing is not recommended in northern Sweden unless 
more frost tolerant willow clones can be found (Perttu, 1979; Börjesson, 
1999a).

The weight proportion of macronutrients in municipal WW makes it an ideal 
nutrient solution for growing willow (Ericsson, 1981b). Hence, fertigation of 
willow with WW has been studied for two reasons, viz. to treat WW and to 
supply nutrients (especially N) and water with willow to increase the biomass 
production (Hasselgren, 1984; Perttu & Kowalik, 1997; Hasselgren, 1999; EC, 
2003). When the fertigation rate is adapted to the water and nutrient demand of 
the crop, leaching of nutrients and hydraulic problems of the system can be 
decreased (Mant et al., 2003). The recommended loading rate of nutrients 
depends on local conditions (e.g. age of willow, cutting cycle and soil type); 
the recommendations found in the literature for Swedish conditions were 45-
190 kg N/ha/year (NUTEK, 1994; Ledin et al., 1994; Ledin, 1998) and 8-44 kg 
P/ha/year (Ledin et al., 1994). However, fertilisation is not recommended 
during the establishment year due to a risk of nutrient leakage. It has been 
reported that reduction rates of tot-N are 82-99%, tot-P 90-97% and BOD7 74-
98%, in willow coppice fertigated with WW (Hasselgren, 1984; Hasselgren, 
1999). Irrigation rates of 4-10 mm/d (4-10 l/m2,d) during the growing season 
are recommended in Sweden to promote the optimal biomass growth (Ledin et 
al., 1994; Hasselgren, 1999). The fertigation of willow with WW has 
reportedly increased the biomass production by 2-3 times compared to crops 
without fertilisation (Perttu & Kowalik, 1997). Further, fertigation with WW 
compared to conventional fertilisation was estimated to increase the biomass 
production by 50% on average (Börjesson et al., 1997). The reported stem 
biomass production of willow fertigated with WW in Sweden for 3-4 years has 
been 12-36 ton DM/ha/year (Hasselgren, 1999; EC, 2003). 

Rytter (2001) has studied the N uptake by fertilised willow. The N uptake in 
willow (leaf litter, stem and coarse roots) was 19-46 kg/ha/year during year 1, 
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58-109 kg/ha /year for year 2 and 54-107 kg/ha/year during year 3. Of the total 
N uptake, N uptake in willow stems was  33-53%,  leaf litter 37-67% and 
coarse roots 2-13%. The N uptake in leaf litter increased with time and became 
higher than the stem uptake. The uptake of N in leaf litter is substantial, 
indicating that great amounts of N could be removed from the willow coppice 
system when leaf litter is taken away from the site.

Willow coppice fertigated with WW in full-scale has been described by, e.g., 
Hasselgren (1999), Carlander et al. (2002) and EC (2003). In these systems, the 
WW was pre-treated and supplied to the willow via drip irrigation or sprinkler 
systems to soil above the roots. Fertigation of willow coppice with WW has 
also been evaluated in economical terms (Rosenqvist et al., 1997; Börjesson, 
1999b; Rosenqvist & Dawson, 2005). Rosenqvist et al. (1997) concluded that a 
willow coppice system fertigated with WW for combined WW treatment and 
biomass production is an economically realistic alternative for small and 
medium size WW treatment plants compared with a conventional system. 
Further, the reduced cost of treating WW N and P was by far the most 
important economic factor compared to the increased biomass production and 
the reduced fertilisation cost for the farmer (Rosenqvist et al., 1997).

1.3 Sorbents 
1.3.1 Clinoptilolite 
Clinoptilolite is a natural zeolite with a high cation exchange capacity (Koon & 
Kaufmann, 1975) and a high affinity for ammonium (Mercer et al., 1970). 
Hence, clinoptilolite can be used to remove ammonium from polluted waters, 
e.g. WW, by placing it in a filter and letting the water percolate through the 
filter (Koon & Kaufmann, 1975; Chmielewska-Horvathova et al., 1992; 
Booker et al., 1996). When the adsorption sites in clinoptilolite become 
occupied, the adsorbent could be used in agriculture as an N fertiliser (Perrin et 
al., 1998), regenerated in a chemical (Koon & Kaufmann, 1975) or in a 
chemical-biological manner (Semmens et al., 1977; Green et al., 1996) for 
reuse. However, chemical regeneration is a costly process (including the 
treatment and the disposal of the brine solution) (Lahav & Green, 1998) and 
the suggested chemical-biological regeneration relies on a complex system that 
is a combination of brine usage and nitrification (Semmens et al., 1977; Lahav 
& Green, 1998). 
1.3.2 P sorbents 
Several materials have shown a capacity to retain P from a solution, e.g. 
shellsand (Ádám et al., 2006), electric arc furnace steel slag (Drizo et al., 2002; 
Drizo et al., 2006), fly ash (Agyei et al., 2002), blast furnace slag (BF slag) 
(Johansson, 1998) and Filtralite-P (Ádám et al., 2006). 
Blast furnace slag 
BF slag is a calcium rich by-product from the iron and steel industry (Asuman 
Korkusuz et al.,  2006). The P sorption of BF slag has been studied in the 
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laboratory (Yamada et al., 1986; Lee et al., 1997; Johansson, 1998; Grüneberg 
& Kern, 2001; Hylander et al., 2006) and in full-scale (Asuman Korkusuz et 
al., 2005; Stråe, 2005). When BF slag is saturated with P, the saturated sorbent 
may be used in agriculture as a P-fertiliser (Hylander et al., 2006). Hylander & 
Simán (2001) and Hylander et al. (2006) have studied the plant availability of P 
sorbed on BF slag, showing that P sorbed on BF slag was largely plant 
available. However, a release of toxic compounds may restrict the use of the 
BF slag in WW applications or in soil conditioning, since Swedish BF slag 
contains notably high amounts of leachable sulphur and vanadium 
(Tossavainen & Forssberg, 1999). 
Filtralite-P
Filtralite-P is a commercially available, calcium enriched expanded clay that is 
especially manufactured for P sorption. The P sorption capacity of Filtralite-P 
has been studied in batch tests, column tests (Ádám et al., 2005; Ádám et al., 
2006) and in full-scale applications (Hellström & Jonsson, 2005; Jenssen et al., 
2005; Heistad et al., 2006). Nyholm et al. (2005) have studied the plant 
available P released from the sorbent, where P sorbed on the filter material was 
demonstrated to be plant available and the material functioned somewhat as a 
slow-release P source.

1.4 Proposal for small scale wastewater treatment system 
Small scale onsite WW treatment systems need to be updated. The nutrient 
loading of waterbodies with nutrients can thus be decreased and the recycling 
of nutrients within society can be increased. Within this research project, a 
concept for a WW treatment system was suggested. The system, presented in 
Fig. 1, was designed for nutrient recovery. The included septic tank separates 
suspended solids (SS) from the WW influent. A willow bed retains WW N and 
P, and reduces the remaining organic matter and SS from the septic tank 
effluent. A clinoptilolite filter can be used either for N retention during the 
dormant period of the willows or to enhance N retention of the system during 
high N loading. The P filter retains P from the willow bed effluent.

Fig. 1. A concept of small scale treatment system designed for nutrient 
recovery with nutrient flows. C denotes organic matter.
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N and organic matter can be periodically removed from the willow bed as 
stemwood. When the clinoptilolite material in the filter becomes N saturated, 
the adsorbent could be regenerated and the desorbed ammonium used as an N 
fertiliser. The P saturated sorbent in the P filter can be replaced with fresh P 
sorption material, and the spent P sorbent can be used as P fertiliser or soil 
conditioner.

2 Objectives and scope 
The aims of this study were: 

To find suitable sorbents for a small scale WW treatment system with 
respect to high nutrient retention and good effluent quality.
To investigate the performance of a willow bed in a cold climate with 
respect to solids, organic matter and nutrients at full scale WW 
treatment. 
To examine the function of a proposed small scale WW treatment 
system in a cold climate with respect to reducing organic matter, 
nutrients and solids, and to operational experience. 
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3 Material and methods 
3.1 Clinoptilolite 
3.1.1 Adsorption experiments 
The ammonium adsorption capacity of clinoptilolite loaded with WW was 
studied in laboratory scale columns at the ambient temperature of +4°C. 
Clinoptilolite of 2 grain sizes, 4-8 and 7-15 mm, were studied. The influent was 
primarily treated WW. Three column experiments were performed. The 
experimental set-up of the adsorption experiments is shown in Fig. 2. The 
samples were collected from the influent and effluent container. Paper I
presented further information of the adsorption experiments. 

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 

Fig. 2. The layout of the adsorption experiments.
3.1.2 Desorption experiments 
Desorption of the previously adsorbed ammonium was investigated in 
columns. Two experiments were carried out at room temperature using tap 
water as leaching agent. In the experiments, water was either pumped through 
the column alternating the degree of water saturation or the column was filled 
with water and drained off periodically. Preparation of the adsorbent prior to 
the desorption experiments and a further description of the experiments 
conducted were described in Paper I.
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3.2 Blast furnace slag 
3.2.1 Batch experiments 
BF slag of two particle sizes, 0.5-2.0 and 1.0-5.6 mm, and two storage ages 
(about 1 year and more than 1 year) were used in P sorption experiments (fresh 
BF slag and weathered BF slag). Part of the BF slag material was further rinsed 
and washed prior to the experiments (weathered++ BF slag). An artificial P 
solution, filtered primarily treated WW, and P spiked filtered primarily treated 
WW were used in the experiments. More information of the BF slag material 
and the solutions used is provided in Paper II.

Duplicate samples of 1.0 g BF slag materials were agitated with 75 ml of the 
solution for 20 h at room temperature. After agitation, the suspensions were 
filtered prior to analysis. Further descriptions of the batch experiments are 
given in Paper II.
3.2.2 Pilot-scale experiment 
The BF slag material used in the pilot-scale experiment had a storage age of 
more than 1 year and a grain size of 1-5.6 mm. Further, the material was rinsed 
prior to the experiment (weathered+ BF slag). The BF slag was placed in the 
bottom of a case at the thickness of 5 cm (Fig. 3). WW was led through a 
settling tank to the case. In the case, WW percolated horizontally through the 
filter material at water saturated conditions. Effluent from the case was 
collected in an effluent container. Samples were collected after the settling tank 
and in the effluent container. The BF slag filter operated for 3 months. 
Operational parameters of the experiment are presented in Paper II.

85 cm 
 22 cm 

11 cm

20 cmBF Slag Filter 

Influent 
container 

Wastewater distributor 

5 cm 

Peristaltic 
pump 

5 L 

Drainage 
compartments Effluent 

container 

Fig. 3. The set-up of the pilot experiment.
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3.3 Full-scale experimental system 
The studied small scale WW treatment system was located in Luleå, northern 
Sweden. The system comprised of a willow bed with a prefilter, followed by 
two parallel P filters with BF slag (4-7 mm) and Filtralite-P (0-4 mm), see Fig.
4. Two willow clones, Gudrun (S. dasyclados) and Karin (((S. schwerinii x S. 
viminalis) x S. vim.) x S. burjatica), were planted at the end of May 2005, and 
the treatment system was fully operational by the beginning of July 2005. The 
WW treatment system was studied for 16 months. During that time, a stream of 
about 0.5 m3 of primary treated WW from a small village was pumped daily to 
the treatment system. The WW percolated vertically through the prefilter and 
horizontally through the water saturated willow bed (see Fig. 4). In the P 
filters, the flow was vertical at water saturated conditions. Willow stems were 
collected twice for analyses. WW samples were collected in the four wells as 
grab samples. A more detailed description of the treatment system is presented 
in Paper III.

Fig. 4. Layout of the full-scale experimental wastewater treatment system.
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4 Major results 
4.1 Clinoptilolite 
4.1.1 Ammonium adsorption 
As can be seen in Table 1, the highest ammonium adsorption in the column 
experiments was 2.7 mg NH4-N/g, achieved by the clinoptilolite with the finest 
grain size. A slightly lower adsorption was obtained for the coarser 
clinoptilolite in experiment 2. However, complete ammonium saturation of the 
clinoptilolite material had not occurred at the end of the experiment because 
the effluent NH4-N concentrations were lower than the influent (see Fig. 5).

Table 1. Operation data with obtained ammonium adsorption by 
clinoptilolite for the column experiments.

Exp Grain
size

(mm) 

Flow
(BV/h)

Type of 
influent

Influent NH4-N
content (mg/l) 

Experimental 
adsorption

(mg NH4-N/g)
1 7-15 4.4 Primary treated WW 281 1.431

2 7-15 3.0 Filtered WW 222 2.2
3 4-8 3.0 Filtered WW 202 2.7

1 The experiment terminated due to clogging prior to complete ammonium saturation. 

The breakthrough of ammonium occurred immediately in all of the adsorption 
experiments (see Fig. 5). When 0.4 bed volumes (BVs) had percolated through 
the columns, the effluent NH4-N concentration was almost half of the influent 
in experiments 1 and 2, and 10 % in experiment 3. 

0,0

0,2

0,4

0,6

0,8

1,0

0 50 100 150 200 250 300 350 400 450
 Bed volume (BV)

C
/C

0

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

Fig. 5. The influent/effluent ratios of ammonium concentrations in the 
adsorption experiments.

4.1.2 Desorption experiments 
The desorption of earlier adsorbed ammonium and tot-N was negligible in the 
desorption experiment B (see Table 2), whereas in desorption experiment A, 
the ammonium and tot-N desorption of earlier adsorbed nitrogen compounds 
was about 20%. However, the volume of water needed for the greater 
desorption was high. Further, the ammonium and tot-N concentrations in this 
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effluent was low, on average about 3 mg N/l. The ammonium and tot-N 
concentrations in the effluent of experiment B were, 7.2 mg NH4-N/l and 8.8 
mg tot-N/l, 2-3 times higher  than in experiment A.   

Table 2. Release of N compounds in the desorption experiments.
NH4-N Tot-N Water volume Exp Experiment condition 

[mg/g] [%]a [mg/g] [%]a [BV] 
A Water pumped through column 0.5 23 0.6 17 150
B Water stagnant in column 0.04 1 0.05 2 5

a Percentage desorbed of previously adsorbed ammonium/tot-N.  

4.2 Blast furnace slag 
4.2.1 Batch experiments 
Fresh BF slag had the highest P sorption, whereas the weathered++ BF slag had 
the lowest (see Fig. 6). The obtained Langmuir sorption maximum for fresh BF 
slag was 1600 mg P/kg and for weathered BF slag 680 mg P/kg. However, the 
P sorption depended on the chosen experimental method. For example, the P 
sorption increased when using a solution with a higher initial P concentration 
or an artificial P solution instead of WW. 

 Fresh BF slag  Weathered BF slag  Weathered++ BF slag 

0

300

600

900

1200

1500

1800

0 5 10 15 20
Concentration at equilibrium (mg P/l)

P 
so

rp
tio

n 
(m

g 
P/

kg
 sl

ag
)

Fig. 6. Phosphorus sorption capacities related to handling of BF slag 
before utilisation and phosphate concentrations at equilibrium, 
reaction time 20 h.

4.2.2 Pilot-scale experiment 
The PO4-P and tot-P reduction in the filter decreased rapidly with time (see 
Fig. 7a.). When 4.5 BVs had percolated through the filter, the tot-P reduction 
was just below 90%, and slightly above 70% after 33 BVs. The corresponding 
effluent tot-P concentrations were 0.33 mg /l after 4.5 BVs and 1.2 mg/l after 
33 BVs. 

At the end of the experiment, the weathered+ BF slag removed 75 mg P/kg of 
tot-P and 58 mg P/kg of PO4-P, while tot-P and PO4-P effluent concentrations 
were 1.2 mg P/l. However, the BF slag material was not P saturated, since the 
PO4-P concentration in the effluent did not exceed the concentration in the 
influent.
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In the pilot scale experiment, the release of sulphuric compounds from the 
weathered+ BF slag filter was considerable (see Fig. 7b). During the whole 
experimental period, effluent SO4-S concentrations exceeded the SO4-S limit 
for Swedish drinking water. 
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Fig. 7.  a) Tot-P and PO4-P reduction of the pilot scale filter.
b) Influent and effluent concentrations of SO4-S in the pilot scale 
experiment.

4.3 Full-scale experimental system 
4.3.1 Total treatment efficiency  
The willow bed with the Filtralite-P filter (Filtralite-P treatment line) was more 
efficient in reducing tot-P, BOD7 and tot-N than the willow bed with the BF 
slag filter (BF slag treatment line); see Table 3. Further, the effluent quality of 
the Filtralite-P filter treatment line was higher than for the BF slag filter. 
However, the effluent pH was more alkaline after the Filtralite-P filter than 
after the BF slag filter. 

Table 3. The effluent quality and the average reduction rates of the two 
treatment lines.

Treatment 
line

Tot-P BOD7 Tot-N NH4-N SS pH

BF slag 3.3±2.1 85±108 28±5 25±3 4±1 9Average concentration 
(mg/l) Filtralite-P 1.3±0.9 7.6±4.2 22±6 20±4 3±1 10

BF slag 53 48 38 25 95 -Average reduction (%) 
Filtralite-P 83 95 51 39 96 -

4.3.2 P filters 
As can be seen in Fig. 8a, Filtralite-P material was more efficient in retaining P 
than BF slag material. The BF slag filter was considered P saturated after 9 
months because of the low PO4-P reduction. At the same time, the PO4-P
reduction of the Filtralite-P was more than 40%. The amount of P removed by 
the filters was 64 mg P/kg BF slag and 171 mg P/kg Filtralite-P (see Table 4)
when the BF slag filter had finished operating. At that time, the effluent tot-P 
concentration of the BF slag filter was 5 mg/l, and slightly above 2 mg/l for 
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Filtralite-P filter (Fig. 8b). After 13 months, the Filtralite-P filter was retaining 
P with a rate above 40% and had tot-P concentrations in the effluent of 2-3 
mg/l. 
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Fig. 8. a) Tot-P reduction of the BF slag and Filtralite-P filter.
b) Tot-P concentrations in influent, BF slag and Filtralite-P filter 
effluents.

Table 4. Amount of P removed by the filters after 9 months when the 
operation of the BF slag filter was finished. Within parentheses 
sorbed P after 13 months.

P sorption BF slag filter Filtralite-P filter 
mg P/kg filter material 64 171 (378) 
mg P/m3 filter material 83 94 (208) 

The Filtralite-P filter was more efficient in reducing BOD7 than the BF slag 
filter. The BOD7 reduction of the Filtralite-P filter was above 50% and up to 
80% during the experimental period. The BOD7 concentration in the BF slag 
filter effluent was higher than in the influent, with a few exceptions, and the 
effluent concentrations were up to 10 times higher than the influent. The high 
BOD7 concentration in the BF slag filter effluent correlated with a high SO4-S
concentration in the effluent. The effluent concentrations of SO4-S exceeded 
the SO4-S limit of 67 mg/l for Swedish drinking water by up to 7 times the 
limit. However, the SO4-S concentrations in the Filtralite-P filter effluent 
occasionally exceeded the drinking water limit. 
4.3.3 Willow bed 

4.3.3.1 Treatment efficiency 
In the willow bed, the reduction of tot-N was 10-60%, 10-40% NH4-N and 10-
60 % for tot-P (see Fig. 9). No significant differences were seen during 
summer and winter performance of the willow bed. Tot-N and tot-P reduction 
occurred through mechanical filtration of the particulate N and P and through 
plant assimilation. Part of N was probably lost from the willow system through 
nitrification-denitrification processes.  
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Fig. 9. Tot-N, NH4-N and tot-P treatment efficiencies of the willow bed.

The SS reduction of the willow bed was steady and averaged about 90%. BOD7
reduction of the willow bed averaged 86 % and was comparable to similar 
studies where willows were fertigated with WW (Hasselgren, 1984; 
Hasselgren, 1999; Kowalik & Randerson, 1994; Mant et al., 2003).

4.3.3.2 Biomass production and nutrient uptake of willows
The average stemwood production of willows were about 5.0 dry matter (DM) 
ton/ha/year after two growing seasons (see Table 5). The willows at the end of 
the second growing season can be seen in Fig. 10.

Fig. 10. The willow bed with the two willow clones after two growing 
seasons, at autumn.

Table 5. Stemwood production of willows, nutrient load during the growth 
seasons and nutrient uptake by willow stems.
Growing season 1: 12.7.-18.10. and growing season 2: 4.5.-6.9. 

Stemwood yield Nutrient load Nutrient amount in stemwood Growing
season ton DM/ha kg NH4-N/ha kg PO4-P/ha kg tot-N/ha kg tot-P/ha 
1 1.2-1.4 1259 255 4.6-7.5 1.9-2.2
2 8.1-8.5 592 87 44.6-46.5 9.7

Approximately 2 % of the nutrients (tot-N and tot-P) and 3 % of bioavailable 
nutrients (NH4-N and PO4-P) load during the growth seasons were assimilated 
in willow stems. However, the assimilation of N and P in willow stemwood 
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intensified with time (see Table 5). During growing season 1, N and P 
assimilation in stemwood was negligible. During growing season 2, N 
assimilation was about 8% of the NH4-N loading and P assimilation was 11 % 
of the PO4-P loading during the growing season. 
4.3.4 Operation experience 
The full-scale treatment system needed little maintenance during the 
experimental period and the operation was steady without any freezing or 
greater clogging problems. However, a perforated pipe in the distribution layer 
of the willow bed was clogged with solids from influent wastewater after 2-3 
months. Approximately 1 cm thick precipitation had formed at the bottom of 
the outlet pipe with an inner Ø of 4.0 cm. Frost killed most of the willow top 
shoots during the first autumn, though growth continued the following spring 
with new shoots.
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5 Discussion 
The ammonium adsorption of clinoptilolite in the column experiments (Paper
I) was less than 3 mg NH4-N/g. Due to the high amount of ammonium in 
domestic wastewater (Tchobanoglous et al., 2003) and the present adsorption 
capacity, the needed filter volume of clinoptilolite in small-scale WW 
treatment is great at high protection level (SEPA, 2006). Thus, the usage of 
clinoptilolite in Sweden is probably not economically reasonable with existing 
market prices (Levin, 2006) without an increase in the adsorption capacity of 
clinoptilolite. Ammonium adsorption of clinoptilolite in the column 
experiments was slightly lower than in similar studies (Booker et al., 1996; 
Beler-Baykal & Guven, 1997). However, ammonium adsorption could possibly 
be higher if the clinoptilolite was pre-treated with an Na-solution, as previous 
researchers had done. Pre-treatment with an Na-solution increases the 
adsorption capacity  (Booker et al., 1996; Sprynskyy et al., 2005). Further, the 
use of smaller grain sizes can result in higher adsorption capacity (Hlavay et 
al., 1982; Sprynskyy et al., 2005).

Besides a high ammonium adsorption capacity of clinoptilolite, a high 
desorption of previously adsorbed ammonium released in a simple manner is 
another important factor that facilitates the usage of clinoptilolite in WW 
ammonium adsorption applications. The straightforward desorption process 
studied in Paper I was not optimal; either a high amount of water (150 BVs) 
was needed for a comparably high desorption (experiment A) or a negligible 
amount of earlier adsorbed ammonium was desorbed (experiment B). In other 
experiments where an Na-solution desorbed ammonium (chemical 
regeneration) (Koon & Kaufmann, 1975; Semmens & Porter, 1979; Liberti et 
al., 1981; Hlavay et al., 1982), 20 BVs or less were needed for almost complete 
desorption. However, the desorption process using water could be optimised by 
keeping the material saturated with water according to desorption experiment 
A. Further, decreasing the contact time between zeolite grains and water film 
could enhance desorption based on the findings of Dimova et al. (1999). In that 
study, a lower flow and an increased contact time resulted in ammonium 
saturated water around the zeolite grains reducing the concentration gradient 
between the water film and the grain surfaces, implying a lower desorption.  

P reduction and P sorption of the BF slag filters were low in both the pilot-
scale experiment (Paper II) and the full-scale treatment system (Paper III).
Further, the BF slag treatment line during the entire full-scale study did not 
fulfil the requirements of the two protection levels given by SEPA (2006), see 
Chap. 1.1. Low P reduction in the pilot-scale experiment was due to the 
depleted BF slag material. Weathered++ BF slag used in the batch experiments 
was similar to the material used in the pilot-scale experiment (weathered+ BF 
slag). The weathered++ BF slag had the lowest P reduction and sorption in the 
batch experiments of all the BF slag samples investigated (Paper II). The low 
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P reduction in the full-scale experiment could be due to the coarse grain of BF 
slag material (4-7 mm). According to Drizo et al. (1999), a material with a 
small particle size will have a high surface area to enhance the potential of 
direct reaction with phosphates.

Drizo et al. (1999) performed a batch experiment with similar prerequisites as 
in Paper II. When comparing the results of these two studies, the Langmuir 
adsorption maximum for fresh BF slag was higher than for bauxite, shale, burnt 
oil shale, limestone, zeolite, LECA and fly ash. This indicates that fresh BF 
slag with a small grain size could be a potential sorbent for P reduction in WW 
applications.

BF slag consists of 1-2% reduced sulphuric compounds that can be leached out 
(Kanschat, 1996). The release of sulphuric compounds was high in the present 
pilot-scale (Paper II) and full-scale (Paper III) studies. The release from 
weathered and coarse-grained BF slag was so extensive that the effluent 
concentrations of SO4-S exceeded the Swedish drinking water limit of 67 mg/l 
for SO4-S several times. Further, the release of sulphuric compounds from the 
filter increased the effluent BOD7 concentrations in the full-scale study. Hence, 
the high release of sulphuric compounds from the BF slag material could 
hinder the utilisation of BF slag as a P sorbent in WW treatment.

The Filtralite-P material was more efficient in reducing tot-P and BOD7 than 
the BF slag in the full-scale study. The performance of the Filtralite-P filter in 
other studies (Hellström & Jonsson, 2005; Heistad et al., 2006) was higher than 
in this full-scale study, which could be addressed to the smaller filter volume 
and thus shorter retention time. Filtralite-P is a potential sorbent for P sorption 
in wastewater applications. The Filtralite-P treatment line fulfilled (Paper III)
the requirements of the normal protection level given by SEPA (2006), see 
Chapt 1.1, during the first year of operation. The high protection level 
requirements were fulfilled for the first two months.  

The size of the willow bed unit in the full-scale study was large enough when it 
was considered as a treatment step to reduce SS and BOD7 from entering the P 
filters and avoid clogging of the filters. 

During the experimental period, the water and nutrient demands of willows 
were greatly exceeded. Thereby, the reductions of tot-N, NH4-N and tot-P were 
lower than the treatment efficiencies found in the literature (Hasselgren, 1984; 
Hasselgren, 1999; Mant et al., 2003). When nutrient loading of the willow 
system is adapted to nutrient demand, the nutrient leaching of the system is 
minor (Mortensen et al., 1998; Hasselgren, 1999; EC, 2003).  

The average stemwood yield in the full-scale study was slightly below the 
average stemwood production of willow coppice in Sweden (Dimitriou et al., 

16



2006). The willow coppice in this study was harvested before the end of the 
second growing season and 1-3 years earlier compared to a common practice in 
willow coppicing (NUTEK, 1994) which can explain the lower average 
stemwood production. 

The stemwood produced by willow coppice could be used for heating and to 
generate warm water. The amount of stemwood produced after two years in the 
willow bed equalled approximately 0.1 MWh, less than 1% of the energy 
needed for heating and warm water for one household (SCB, 2006).

A higher nutrient (N and P) retention and stemwood production can be 
achieved by increasing the willow plantation area in the full-scale study. 
However, greater space of the house lot is needed for the onsite WW treatment 
system.  

The comparably high stemwood yield of willows in the full-scale study was 
likely due to the sufficient water and nutrient supply and high temperatures 
during the growing seasons. The surrounding temperatures at the site during 
both growing seasons were higher than the long-time monthly averages given 
by SMHI (1991). Further, heat released from the wastewater in the root zone 
may have prolonged the growing seasons. Since temperature is one of the 
growth limiting factors, an increase in temperature would boost biomass 
production. Average temperatures in Sweden have increased during last 15 
years, the greatest of which has been in the middle of Sweden and along the 
coast of Norrland county (SMHI, 2006). Thereby, willow coppice could 
become a realistic alternative for energy and WW treatment purposes in 
northern Sweden. 

Based on the findings of Rytter (2001), about an equal amount of N may have 
been assimilated in leaves as in the stems. Thus, about 15% of NH4-N load 
during the second growing season was possibly taken up by willows in the full-
scale experimental system and could be removed from the site by cutting the 
willow stems and raking the fallen leaves. 
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6 Conclusions 
The ammonium adsorption of the investigated clinoptilolite and the desorption 
of the previously adsorbed ammonium were too low to be an economically 
reasonable alternative for WW ammonium removal in small scale WW 
treatment systems. 

The investigated weathered and coarse-grained BF slag had a low WW P 
sorption, i.e. the overall P sorption was below 100 mg P/kg, and is not a 
suitable sorbent for P retention. Fresh and fine-grained BF slag showed  
potential to be an effective P sorbent. However, the leakage of sulphuric 
compounds from the BF slag was extensive and might hinder the usage as P 
sorbent.

Filtralite-P was found to be a promising P sorbent with a WW P sorption of 
370 mg/kg at the end of the experimental period, and still had a remaining 
capacity to retain P. 

The willow bed could be considered a treatment step due to the reduction rates 
of nutrients, solids and organic matter, and no difference in winter and summer 
performance of the willow bed was noticed. Further, climatic conditions did 
not seem to be a hindrance for willow beds in northern Sweden. However, the 
stemwood produced in the willow bed would replace only a small fraction of a 
household’s energy needs for heating and warm water.

The Filtralite-P treatment system fulfilled the requirements of low protection 
level given by SEPA for the first year operation and the requirements of the 
high protection level for two months in the full-scale study. The BF slag 
treatment system fulfilled neither of the protection levels during the 
experimental period of the full-scale study. The maintenance needed for the 
full-scale WW treatment system was small and the operation was steady. 
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7 Future research 
There are questions to be answered concerning the operation of a full-scale 
treatment systems adapted to sustainable development and its components: 

The desorption process of previously adsorbed ammonium in 
clinoptilolite needs to be improved to facilitate utilisation of the 
adsorbent in WW ammonium adsorption in full-scale.

Function of fresh and fine-grained BF slag material should be evaluated 
in full-scale for WW P reduction.

The long-term survival of the willows fertigated with WW should be 
investigated in northern Sweden.

Willow clones with a higher stemwood production and high frost 
tolerance should be developed.

The prevailing heating of the full-scale treatment plant is energy 
consuming and needs to be optimised.  
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Abstract
Natural zeolites as clinoptilolite may be used to recover wastewater ammonium, decrease the ni-
trogen effluent from on-site sanitation systems and in wastewater treatment plants when nitrifica-
tion-denitrification efficiency is low. The objective of this study was to estimate the ammonium 
adsorption capacity of clinoptilolite when being loaded with wastewater. Phosphorus and potas-
sium 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 ad-
sorption 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. Fil-
ter clogging was extensive and probably caused by particles in effluent wastewater and microbi-
ological growth. 

Background
In recent decades, the Swedish West Sea and associated coastal waters have been negatively af-
fected by, e.g. increased inputs of nitrogen from diffuse and point sources. To improve the condi-
tions 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 groundwa-
ter wells, preventing nitrogen leakage to the groundwater from the local wastewater treatment sys-
tems is vital. According to a draft directive formulated by the Swedish 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 systems (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. zeolites) is used 
once or several times (Hedström, 2001), the nitrogen resource of the wastewater could be recov-
ered 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 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 adsorp-
tion to treat wastewater with fluctuating influent ammonium concentrations (Beler-Baykal and 
Guven, 1997; Beler-Baykal and Inan, 2005). 

Different kinds of natural zeolites, aluminium silicates with high adsorption capacities, are fre-
quently suggested as ammonium adsorbents. Clinoptilolite has ion sieving properties, a cation 
_______________________
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exchange capacity (Koon and Kaufmann, 1975; Inglezakis et al., 2005), and an affinity for ammo-
nium (Mercer et al., 1970; Jørgensen et al., 1976). Clinoptilolite has a structure consisting of a 
three-dimensional framework of SiO4 and AlO4 tetrahedra and the Si4+ or Al3+ ions are located 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 clinoptilo-
lite, but ion sieving properties and a cation exchange capacity due to substitutions. 

Inglezakis (2005) has discussed different concepts of “capacity” in zeolite ion-exchange systems. 
The ion exchange capacity, or the adsorption capacity, can be given as theoretical exchange capac-
ity (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 col-
umn experiments in a specific ion-exchange system and includes operating capacity (OC) and 
breakthrough capacity (BC), both of which are determined 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 concentration 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; Nguyen and Tanner, 1998). As well, some research groups 
have studied the ammonium adsorption capacity obtained with wastewater in columns 
(Chmielewska-Horvathova et al., 1992; Booker et al., 1996; Nguyen and Tanner, 1998).  The am-
monium adsorption capacities obtained in these studies are more appropriate for designing of full-
scale applications, since information is received 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 and biological 
regeneration have been studied (Semmens et al., 1977; Green et al., 1996; Lahav and Green, 
1998). However, these regeneration methods are costly or complex (Lahav & Green, 1998). Di-
mova et al. (1999) has studied a desorption process with potable water which could be a more ro-
bust regeneration method to apply in small-scale wastewater treatment systems than chemical or a 
combination of chemical and biological regeneration.  

Clinoptilolite filters could be used in small-scale wastewater treatment systems to retain ammo-
nium. Such systems need be robust, have a simple construction and the regeneration of the ammo-
nium saturated clinoptilolite should be simple. Hardly any studies have been found focusing on 
small-scale wastewater applications with clinoptilolite. However, ammonium adsorption to retain 
ammonium could be applicable, especially during cold seasons due to the temperature independ-
ence of this process (Atkins Jr and Scherger 1997). To develop ammonium adsorption in small-
scale wastewater treatment systems, further studies are needed in regard to grain size, wastewater 
quality and loading in order to obtain a high ammonium adsorption with minor head loss. Fur-
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thermore, simple methods for regenerating ammonium saturated clinoptilolite should be devel-
oped.

Objectives and scope 
The objective was to estimate the effects of clinoptilolite grain size and pre-treatment of influent 
wastewater on the ammonium adsorption capacity and clogging of a clinoptilolite filter. Another 
objective was to evaluate the efficiency of desorbing previously adsorbed ammonium from the 
clinoptilolite with tap water. Furthermore, the influence of potassium on the ammonium adsorp-
tion and the existence of phosphorus sorption were also investigated. 

Three adsorption experiments were performed by filtering municipal wastewater through columns 
in the surrounding temperature of 4 C. In the desorption experiments, two of the three columns 
used in the adsorption studies were utilised to investigate two desorption methods.  

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 clinopti-
lolite 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” be-
fore 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” be-
fore the delivery of the clinoptilolite. 

Municipal wastewater 
Wastewater used in the adsorption experiments originated from the Uddebo municipal wastewater 
treatment plant, Luleå, Sweden (60,000 people connected). The wastewater was collected after the 
step screen in the grit chamber. In adsorption experiment 1, the wastewater was used without fur-
ther treatment, though in experiments 2 and 3, the wastewater was filtered through a coarse paper 
filter before being loaded into the columns. The influent ammonium and total nitrogen concentra-
tions can be seen in Table 3.

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 
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Adsorption experiments 
Experimental set-up 
Three separate ammonium adsorption experiments were carried out in a sequence. Experimental 
conditions were changed between each experiment according to the results obtained by the previ-
ous. Replication of the experiments was not possible to perform since the wastewater quality 
changed over time, see Table 3.
The adsorption experiments were performed at an ambient temperature of about +4 C. The low 
operational temperature was chosen to simulate conditions for applications possible to use during  
seasons with low temperatures. At such low temperatures bacterial activities, such as nitrification, 
denitrification, and in general, growth on the clinoptilolite surfaces was assumed to be low which 
would facilitate the adsorption process. 

Wastewater was pumped from a wastewater container using a peristaltic pump and loaded into a 
hydraulically 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 layers 
were separated by a geotextile. Wastewater filtered through the column and into a storage con-
tainer. Details of the experimental set-up are shown in Figure 1 and the used grain sizes, mass of 
clinoptilolite, flow, retention time and duration of adsorption 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. 

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 ana-
lysed for total phosphorus and phosphate. In experiment 3, potassium concentrations were ana-
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lysed in samples of influent and effluent collected during the whole experimental period and com-
piled to one influent and one effluent sample.  

Desorption experiments 
Experimental set-up 
Two laboratory experiments were performed to study desorption of the previously adsorbed am-
monium. 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 process in the column. 
Tap water was then pumped through the column for 48 h, alternating between hydraulically satu-
rated 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 hydraulically 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 perco-
lated 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. 

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 measured. 

Analyses
Ammonium, total nitrogen, nitrite, nitrate, phosphate and total phosphorus were determined with a 
continuous auto-analyser (TRAACS 800, Bran+Lubbe). Before analysis, total phosphorus samples 
were digested according to the Swedish standard SS 02 81 27 and total nitrogen 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 col-
umns.  

Statistical calculations were performed to analyse the impacts of hydraulically saturated and un-
saturated conditions on the ammonium desorption. The curve of the ammonium desorption 
showed in Figure 4 was divided into sections either describing saturated or unsaturated conditions. 
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 median values 
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according to Vännman (1990). The statistical confidence coefficient was determined to 0.9375 for 
the confidence intervals. 

Results and Discussion 
Adsorption experiments 
Ammonium adsorption and breakthrough 
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 clinoptilo-
lite 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 ammonium concentration 
was about 10 % lower than the influent, see Figure 2.

Table 6 Ammonium adsorption and total nitrogen removal of clinoptilolite obtained in col-
umn 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 

0,0
0,2
0,4
0,6
0,8
1,0

0 50 100 150 200 250 300 350 400 450

 Bed volume (BV)

C
/C

0

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 2  Ratios between influent and effluent ammonium concentrations in adsorption ex-
periments 1, 2 and 3. 

The practical adsorption capacities obtained in column experiments depends on several factors, 
such as influent ammonium concentration, retention time, grain size, type of solution (ammonium 
solutions or wastewater), pre-treatment of adsorbent and design of the column (height-width –ratio 
and scale). Other researchers (Beler-Baykal and Guven 1997; Booker et al. 1996) obtained higher 
practical ammonium adsorption capacities in columns with wastewater, 3.05-4.52 mg NH4-N/g, 
compared to the present study. In these studies, the clinoptilolite was pretreated and finer clinopti-
lolite grain sizes were used. 

Pre-treatment of clinoptilolite forming a Na-homoionic clinoptilolite increases the practical ad-
sorption capacity (Jørgensen et al. 1979; Booker et al. 1996; Sprynskyy et al. 2005). Further, the 
use of smaller grain sizes results in a higher practical adsorption capacity (Jørgensen et al. 1976; 
Hlavay et al. 1982; Sprynskyy et al. 2005), but causes an increased headloss (Hlavay et al. 1982). 
The smaller the grain sizes used, the higher the risk of clogging (Liu and Lo 2001). 
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The practical adsorption capacity decreases when wastewater instead of ammonium solutions is 
filtered through the column. In a study by Hlavay et al. (1982), the ammonium breakthrough ca-
pacity 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; Weatherley and Miladinovic 2004) and the obstruc-
tion of adsorption sites by suspended 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 capac-
ity was only 60% of the capacity obtained by the smaller column.  

Researchers have determined the ammonium adsorption capacity, either theoretically calculated 
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 wastewa-
ter treatment applications is inappropriate, since TEC and adsorption capacities derived from agi-
tation experiments are overestimated compared to real conditions. Instead, using the “operating 
capacity” or “breakthrough capacity” is more appropriate as determined by column experiments. 
Additionally, when determining a practical adsorption capacity to be used as a design value for an 
application, the column should be loaded with wastewater. 

The operational success of an ammonium adsorption filter can be observed at the breakthrough 
curve of the system, i.e. how long the effluent ammonium concentration is below the defined 
breakthrough concentration. In all of the adsorption experiments, the breakthrough of ammonium 
occurred immediately, see Figure 2. At the first sampling, the effluent concentration for experi-
ment 2 was 9 mg/L corresponding to 42% breakthrough and for experiment 3 2.2 mg/L, corre-
sponding 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. 

Hlavay et al. (1982) performed adsorption experiments with clinoptilolite in columns, obtaining 
distinct breakthrough curves and no ammonium breakthrough after about 100 bed volume (BV) 
passed. The difference 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 breakthrough. 
At a flow corresponding to about 3 BV/h (contact time about 20 minutes), the breakthrough oc-
curred almost immediately (after 1 BV), though at a flow rate of 0.056 BV/h (contact time about 
17.9 h), the breakthrough did not occur until 40 BV had passed the column. These results contra-
dict 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.  

Clogging
When loading zeolites, such as clinoptilolite, with wastewater without breaks for backwashing, 
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 extensive clogging was obtained with partly me-
chanically treated wastewater, even when the grain size was 7-15 mm. In adsorption experiments 
2 and 3, the wastewater was filtered through a coarse paper filter before loading. A headloss ap-
peared in adsorption experiment 2, but an experiment could be repeated with a smaller clinoptilo-
lite grain size. The final headloss was greater in the column at experiment 3. 
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A green coating appeared on the clinoptilolite after 2 days of experiment 2 and after 3 days of ex-
periment 3 which was probably biofilm. The coating was unexpected since the columns were lo-
cated 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 coating were probably 
the reasons for the headloss that appeared in adsorption experiments 2 and 3. Further, partial clog-
ging of the geotextile in the column bottom may have contributed to the headloss as well.  

If clinoptilolite filters should be used for ammonium adsorption in, e.g. on-site sanitation systems, 
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. Further, the ammonium adsorption capac-
ity of clinoptilolite material could be utilised to a higher extent if the adsorption process is not 
interrupted by filter clogging. However, it is necessary to keep the nitrogen compounds as ammo-
nium ions in the treatment steps prior to the clinoptilolite filter. 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. 

Potassium and phosphorus reduction 
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. 

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 po-
tassium 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 in-
fluent in the adsorption experiment 3, indicating a desorption of potassium during the loading 
phase.

The estimated phosphate reduction ranged from 0-16 % in experiments 2 and 3. Minor phosphate 
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 reduc-
tion of total phosphorus ranged from 12-20 %, indicating a minor mechanical separation of phos-
phorus containing particles, see Table 7.

Table 7 Total phosphorus and phosphate concentrations before and after the filters in ex-
periment 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 

Sakadevan and Bavor (1998) investigated a zeolite and received an estimated maximal phosphorus 
adsorption capacity of 2.15 mg/g. Nguyen (1997) obtained a phosphate sorption capacity 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 surface is not likely, since the 
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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 com-
pounds to certain sites. Therefore, chemisorption is not a likely explanation for phosphorus sorp-
tion mechanism since phosphorus was easily desorbed by distilled water (Nguyen, 1997). Phillips 
(1998) further detailed another phosphorus sorption mechanism resulting in a low-solubility Ca-P 
compound. Phosphorus precipitates with exchangeable 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. 

Desorption of nitrogen compounds 
The desorption process was not optimised in experiments A and B, though about 23 % of the ad-
sorbed ammonium was desorbed in experiment A. The corresponding desorption of total nitrogen 
was 17 %, see Table 8. Further, the total amount of ammonium and total nitrogen desorbed in de-
sorption experiment B was much lower; just 1 % of adsorbed ammonium and 2 % of total nitro-
gen. 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 experi-
ment 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 de-
sorption 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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Figure 4  Desorption of nitrogen compounds during hydraulically saturated and unsaturated 
periods for desorption experiment A. 

The larger quantity of earlier adsorbed ammonium desorbed in desorption experiment A compared 
to experiment B was likely due to the larger water volume used for desorption. The higher desorp-
tion rates of ammonium and total nitrogen during water saturated conditions compared to unsatu-
rated conditions in desorption experiment A were probably due to better contact between water 
and clinoptilolite surfaces. 

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 gradient between the water film 
and the grain surfaces (Dimova et al. 1999). In the present experiment, 23% of adsorbed ammo-
nium was desorbed at a water flow of 3 BV/h (total water volume 150 BV). The limitation of re-
generation with water is how much ammonium is so strongly adsorbed to the clinoptilolite that an 
ion exchange process, with e.g. sodium ions needs to be used for desorption. 

In desorption experiment B, the average effluent concentration of ammonium was higher com-
pared to that of desorption experiment A, 7.2 mg/L versus 2.6 mg/L. Corresponding values for 
total nitrogen were 8.8 mg/L in experiment B and 3.1 mg/L in experiment. 

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 experi-
ments (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 reported to result in a 
regeneration effluent of 100-1,000 mg NH4-N/L when using clinoptilolite as an exchanger (Sem-
mens 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 functioned as an ammonium concen-
trator. In the study of Liberti et al. (1981), the ammonium concentration in the regeneration flow 
was 5.4 times higher than initial ammonium concentration.  

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. During a longer opera-
tional period, a population of nitrification bacteria may be established in the filter, possibly caus-
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ing nitrification (Zhu, 1998). Low nitrification in desorption experiment A performed at room 
temperature may be because the time (one week) was too short for a population of nitrifying bac-
teria to establish. If the concentration of nitrifying bacteria in 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 in e.g. a small scale waste-
water treatment system, conditions without nitrification during the loading phase are preferable, 
since losses of nitrogen become small. However, nitrification of adsorbed ammonium may be de-
sired during the desorption phase to facilitate the desorption of adsorbed ammonium. 

Conclusions
The ammonium adsorption capacity of clinoptilolite obtained by the present column experiments 
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 concentration of 
about 20 mg NH4-N/L. The ammonium adsorption capacity obtained in this study was similar to 
other column investigations. However, to utilise the total operating ammonium adsorption capac-
ity of clinoptilolite material in an application, it is important that the adsorption process in the fil-
ter is not interrupted by clogging.

Clogging was extensive in the adsorption experiments but decreased with greater grain sizes and 
with increased degree of pre-treatment of wastewater influent. In the experiment using primary 
treated wastewater, the column clogged completely after two days due to the particles in the 
wastewater and microbiological growth on the clinoptilolite particles. Even though, the wastewa-
ter was filtered through a coarse paper filter before loading, considerable clogging took place in 
the column with clinoptilolite grain size of 4-8 mm.  

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 desorption methods cannot 
therefore be used without being developed if the ammonium is to be recovered. Nitrification of 
adsorbed ammonium did not contribute to the desorption process. 

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.  
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Abstract: Blast furnace �BF� slag is a by-product of 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 using both wastewater and
phosphate solutions. This investigation showed that sorption capacities derived by wastewater experiments were considerably lower
compared to those by phosphate 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 operation phase of BF slag filters. Locations of BF slag filter beds for wastewater treatment must be carefully
chosen from an environmental point of view.
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CE Database subject headings: Phosphorus; Sorption; Clogging; Wastewater management; Filters.

Background

Small on-site wastewater treatment systems for residential build-
ings in Sweden contribute significantly to the anthropogenic
discharge of phosphorus, approximately 20% of the gross dis-
charge �SEPA 2003�. Discharge from municipal wastewater treat-
ment plants is only approximately 15% �SEPA 2003�, though as
much as 85% �SCB 2004� of the Swedish population are con-
nected to wastewater treatment plants. Small wastewater treat-
ment systems may be upgraded by phosphorus sorbing reactive
filter materials to improve their phosphorus retention. Suggested
reactive filter materials for this purpose are, e.g., limestone �Jo-
hansson 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 �BF� 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 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. 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 variation cannot 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 agi-
tation versus filter experiments, influent solution, phosphorus
content of influent, contact time, grain size of filter material. A
higher reaction temperature caused higher phosphorus retention
according to Yamada et al. �1986� and Agyei et al. �2002�.
An increased influent phosphorus concentration resulted in an
increased phosphorus sorption when conducting agitation experi-
ments �Sunahara et al. 1987; Agyei et al. 2002�. A higher concen-
tration of salt in the solution seemed to decrease the phosphate
sorption on the BF slag. Yamada et al. �1986� investigated 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 materials 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 compounds from BF slag filter in waste-
water 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 reten-
tion capacity of BF slag are laboratory 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 artifi-
cial 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 materi-
als. 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 as-
pects of using BF slag should be elucidated. Assessing different
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experimental approaches is also of interest to better understand
how laboratory experimental results should be interpreted to the
following 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 BF
slag. Further, practical aspects, such as clogging, handling of BF
slag prior to usage and effluent quality, of utilizing BF slag in
wastewater treatment applications were evaluated. Moreover, the
phosphorus sorption capacities 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 waste-
water and artificial phosphorus solutions were used in these ex-
periments. Crystalline blast furnace slag of different ages was
collected at the SSAB steel plant in Luleå, Sweden.

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 and 1–5.6 mm, were used in the ex-
periments. Further, 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. During storage time,
the material was exposed to various weather conditions �rain,
snowfall, etc.�. This situation may have caused leaching of impor-
tant elements for phosphorus sorption. The weathered BF slag
material was rinsed once with tap water in a hydraulic conductiv-
ity 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
experiment to remove dust and any excess of easily soluble cal-
cium compounds. Information about the materials investigated in
the experiments is compiled in Table 1. Crystalline �ungranulated�
BF slag material consists of ternary compounds, the most

common being melilite, a series of solid solutions from akerman-
ite �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 investigated 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 elements and the physical properties
of the BF slag used in this study are given in Tables 2 and 3,
respectively.

Phosphate Solutions and Wastewater Used
in the Experiments
The phosphate solutions �0–20 mg PO4–P/L� used in the agita-
tion 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 �m 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 approximately 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 experiment. The influent total P and
PO4–P concentrations into the BF slag filter were 1.0–5.3 and
0.5–4.3 mg/L. The BOD7 and suspended solids �SS� concentra-
tions were 26–28 and 5–25 mg/L, respectively.

Agitation Experiments

Fresh, weathered, and weathered++ BF slags were used in this
experiment. Duplicate 1 g samples 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 solu-
tions. The flasks were shaken at 200 rpm in room temperature
�approximately 20°C� for 20 h. After the agitation, the suspen-
sions were filtered �0.45 �m� and pH was measured. All of the

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

Table 2. Chemical Composition of BF Slag Used in Experiments, Minor Elements �mg/g�

Cr As Ba Be Co Cu La Mo Nb Ni Pb Sc Sn Sr Zn Zr V W Y

33 �3 550 5 �1 �1 37 �5 �5 �1 �10 27 �5 360 2 14 170 �5 40

Note: Analyses delivered by SSAB.
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supernatant solutions were analyzed regarding total phosphorus,
whereas those solutions which reacted to fresh and weathered BF
slags were also analyzed with respect to Ca.

Pilot-Scale Experiment

Experimental Setup
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 evapo-
ration. Drainage compartments comprised of washed gravel were
placed at both ends of the box �see Fig. 1�. Wastewater was
pumped to a settling tank to separate suspended solids of the
wastewater and conveyed through a rotating wastewater distribu-
tor and distributed on the gravel. The wastewater was then per-
colated through the filter bed with a horizontal flow during
hydraulically saturated conditions. The experiment was conducted
at room temperature �about 21°C�. Operational data of the ex-
periment can be seen in Table 4.

Sampling
The effluent was collected in a container stored at room tempera-
ture and emptied biweekly. Water samples were taken after the
settling tank and in the effluent container, see Fig. 1. Tot-P and
PO4–P were sampled biweekly and samples for SO4–S and SS
analyses were taken weekly during the investigation. Tempera-
ture, 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 molybdenum blue method. The suspended solids, SS, were
analyzed according to the standard SS-EN 872. The sulfate con-
centrations were analyzed with Hach, DR-EL2 which uses a tur-
bidimetric 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 concentra-
tions 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 determined by the product of P con-
centration 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 and
Eddy 1991�

RL =
abCe

1 + bCe
�1�

where Cc�concentration of P in the solution after sorption �mg
P/L�; RL�amount of P sorbed per unit weight of the material
�mg/kg�; a�P sorption maximum �mg/kg�; and b�constant re-
lated to the binding strength of P on the material �L/mg P�.

Phosphorus Extraction Estimations of BF Slag
from Pilot-Scale Experiments

When the loading period of the pilot-scale experiments was fin-
ished, the phosphorus content of the BF slag materials was esti-
mated 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 min 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 phos-
phorus samples were digested 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 results depend on the chosen experimental

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� 1,245 1,158

Porosity �%� 55 54

Hydraulic conductivity �m/day� 1,990 4,260

Note: The parameters were determined a week before the start of the
experiments.

Table 4. Operation Parameters of the Pilot-Scale Experiment

Parameter Value Unit

Hydraulic retention time in settling tanka 1.6 day

Range of hydraulic retention time in settling tank 1.5–3.9 day

Hydraulic retention time in BF filtera 3.8 day

Range of hydraulic retention time in BF filter 3.4–9.2 day

Duration of experiment 96 day

Average of flowa 3.0 L/day

Range of flow 1.3–3.4 L/day

Mass of 1–5.6 mm BF slag 10.3 kg
aTime weighted average.

Fig. 1. Experimental setup of the pilot-scale study
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method. The phosphorus sorption of BF slag increased 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 phos-
phorus concentration of 10 mg/L was 821 mg tot-P /kg.

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 common 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 phos-
phorus concentration of about 5 mg/L. The highest phosphorus
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.

One explanation for the big difference between the results ob-
tained with phosphate solutions and wastewater may be due to the
presence of competing ions in the wastewater such as chloride
�Yamada et al. 1986�, sulfate and negatively charged, dissolved
organic substances �Ramakrishna and Viraraghavan 1997�. An-
other explanation could be microorganisms that may form a bio-
film on the BF slag particles covering the sorption sites while
degrading organic matter in the wastewater. When using artificial
phosphorus solutions, the phosphorus constituent is orthophos-
phate, i.e., the ion that reacts most efficiently with calcium.
Wastewater not only contains orthophosphate, but also, e.g., or-
ganic phosphorus compounds and polyphosphates �Snoeyink and
Jenkins 1980; Sedlak 1991�. These are not as reactive as dis-
solved inorganic orthophosphates �Droste 1997�. pH has an effect
on the phosphorus sorption as well. Calcium phosphate precipita-
tion 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 wastewater.

Therefore, phosphorus sorption capacities acquired from ex-
periments using artificial phosphorus solutions are overestimated
when transferred to wastewater, as illustrated in Fig. 2 where the
phosphorus reductions obtained for fresh and weathered slag in
agitation experiments 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.

However, the advantage of using artificial phosphate solutions
allow for the possibility to repeat parts or whole experimental
setups as the solution can be replicated. Wastewater quality is
continually changing, making comparing results of different set-
ups more difficult as 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 have
been performed. Grüneberg and Kern �2001� as well as Cameron
et al. �2003� stated that they would continue with their filter ex-
periments 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 different 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 phos-
phorus sorption capacities 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 compared to when a solution is filtered through
the slag. Further, the sorption results of agitation sorption experi-
ments 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
increases the sorption sites and thus the sorption capacity can be
overestimated.

Filter experiments loaded with wastewater can result in phos-
phorus sorption capacity of the investigated filter medium but
information about other aspects is received as well. The retention
of phosphorus containing particles and dissolved organic phos-

Table 5. Phosphorus Sorption of BF Slag Related Type of Slag and Solution Used in Agitation Experiments

Phosphorus sorption capacity �mg tot-P/kg BF slag�

Water quality

Initial
phosphorus

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/PL 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

Note: The phosphorus sorption values are based on an average of duplicate samples and the standard deviations are given.

Fig. 2. Phosphorus reduction rates related to quality of BF slag and
phosphorus solutions used in agitation experiments
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phorus 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 operation 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/day, as respectively. No
clogging problems occurred. The hydraulic head loss during the
operational period of the 3 month long pilot-scale study was
estimated at 1–2%.

However, in the completed pilot-scale experiment, the influent
load of SS, 7–23 mg SS/L, was low compared to concentrations
obtained after conventional septic tanks. The effluent SS concen-
tration of a Swedish septic tank for municipal wastewater was
estimated at 50–100 mg SS/L �SEPA 1991�. Therefore, the risk of
clogging is larger in a practical wastewater filter application com-
pared 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 pretreatment before the BF filter.

Handling of BF Slag before Application
The handing of BF slag before being used in a filter bed applica-
tion may affect the phosphorus 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
phosphate sorption whereas 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 Fig. 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 uncovered slag heaps stored outdoors, but for differ-
ent 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.

The amount of dissolved calcium in the solution is vital for
phosphorus sorption in BF slag. Fig. 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.

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

Sorption Capacity of BF Slag
To compare results of phosphorus sorption capacity experiments
is problematic since the prerequisites often differ between studies.
A study performed by Drizo et al. �1999� had similar pre-
requisites as the present study with the exception of initial
phosphorus concentrations �2.5–40 mg/L�. A comparison be-
tween 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 agitation experiments of this study indi-
cated that fresh BF slag has a potential of being an efficient phos-
phorus sorbent.

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 decreased
to approximately 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. As the effluent concentrations of total phos-
phorus 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

Fig. 3. Phosphorus sorption capacities related to handling of BF
slag before utilization and phosphate concentrations at equilibrium,
reaction time 20 h

Fig. 4. Final calcium concentration and pH in agitation experiment
where fresh and weathered BF slag reacted with phosphate solutions
of different concentrations
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days �11.5 bed volumes passed�, when the influent total phos-
phorus concentration varied between 1 and 3.5 mg/L �Fig. 5�. At
the end of the experiment, the effluent concentration slightly ex-
ceeded 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. 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, whereas, analyses at the outlet approximately
showed 6 mg tot-P /kg TS, see Table 7.

This pilot-scale experiment showed that the total sorption ca-
pacity 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 setup of low influent phosphate concen-
trations and hydraulic retention time, it takes a long time to de-
termine the phosphate sorption capacity of the filter material. If
the phosphate sorption capacity is to be achieved faster, Drizo
et al. �2002� recommended higher influent phosphorus concentra-
tion than concentrations in domestic wastewater. This results in
overestimated phosphate sorption capacities, and thus overesti-
mated filter longevities. Therefore, we suggest a higher hydraulic
retention time rather than high influent phosphate concentrations
which causes an underestimated phosphate sorption 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 �Tossavainen 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 weather-
ing of the silicates, protons are consumed and hydrocarbonates
are produced. Thus, a decrease in pH caused by an oxidation of
sulfuric compounds is counteracted by the pH-buffering proper-
ties 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 oxidization
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 concentrations 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 recommended
�Kanschat 1996�. If BF slag is to be used as a component in a
wastewater treatment system, there is a risk of polluting ground-
water with sulfuric compounds. Therefore, it is of importance to
locate a BF filter away from drinking water resources to guaran-
tee the drinking water quality, especially when used as a compo-
nent 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.

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 setups with wastewater resulted
in a considerably lower phosphorus sorption compared to phos-
phate solutions, at equal phosphate concentrations.

Results from agitation experiments showed that Langmuir ad-
sorption maximum for fresh BF slag was higher than some other

Table 6. Langmuir Sorption Maxima for Different Filter Materials

Substrate
Sorption maximum

�mg/kg�

Fresh BF slaga 1,600

Weathered BF slaga 680

Bauxiteb 610

Shaleb 650

Burnt oil shaleb 580

Limestoneb 680

Zeoliteb 480

LECAb 420

Fly ashb 860
aPresent study.
bDrizo et al. �1999�.

Table 7. H2SO4 Extracted Phosphorus from the BF Slag at the End of the
Pilot-Scale Experiment �96 days�

Total phosphorus extracted �mg tot-P/kg BF slag�

Sample location Inlet Outlet

Surface 16 5.6

Middle 16 6.3

Bottom 18 5.6

Fig. 5. Influent and effluent concentrations of phosphate and total
phosphorus during the operation of the pilot-scale experiment
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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 phosphorus. 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 de-
signing a filter for wastewater treatment.

The risk of a clogging BF filter was considered in this inves-
tigation. 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/day,
and an influent particle concentration of 7–23 mg SS/L. This
load of suspended solids was low compared to the effluent con-
centration from conventional Swedish septic tanks. Therefore, it
is important to have an efficient wastewater pretreatment 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 compared to weath-
ered �69%� and weathered++ BF slag �23%� at an initial phosphate
concentration of 10 mg tot-P /L.

During the initial operation phase, leaching of sulfuric com-
pounds 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 efflu-
ent is released close to drinking 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 as the buffering agent
of BF slag, calcium, is leached.
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Notation

The following symbols are used in this paper:
a � P sorption maximum �mg/kg�;
b � constant related to binding strength of P on material

�L/mg P�;
Ce � concentration of P in the solution after sorption

�mg/kg�; and
RL � amount of P sorbed per unit weight of material

�mg/kg�.
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Abstract
An onsite wastewater treatment plant at Brändön, north of Luleå, receiving primarily treated wastewater from 
a village, was operated and investigated during one year. The wastewater flow was 0.5 m3/d. The main treat-
ment steps were a prefilter, mainly to distribute the flow, a vegetation filter consisting of two different clones 
of Salix and two phosphorus filters with Filtralite-P and blast furnace slag (BF slag) operated in parallel. The 
willow bed reduction of BOD7 was in average about 80% and of phosphorus (P) and nitrogen (N) 20–30%.
The main mechanism was believed to be filtration in the bed. The reduction through plant uptake was minor. 
The Filtralite-P filter reduced BOD7, P and N with 67%, 72 % and 20%, respectively. The BF slag filter re-
duced P and N with 53 % and 3%, respectively. The release of sulphuric compounds from the BF slag filter 
increased largely the BOD7 content in the effluent. The Filtralite-P system achieved the requirements of the 
normal protection level given by the Swedish Environmental Protection Agency but not all of the requirements 
of the high protection level. The BF slag system did not fulfil the requirements of the two protection levels.

Key words – Blast furnace slag, cold-climate, domestic wastewater, filter, Filtralite-P, nitrogen, phosphorus, 
recovery, small-scale, willow

Sammanfattning
En småskalig avloppsanläggning har testats i Brändön norr om Luleå under ett år. 0,5 m3/d slamavskiljt vatten 
från samhället pumpades till försöksanläggningen som bestod av ett förfilter för att sprida vattnet följt av en 
sälgbädd och två parallella fosforfilter med Filtralite-P och masugnsslagg. I sälgbädden reducerades BOD7
med 80% medan fosfor- och kväveinnehållet minskade med 20–30%. Huvudsaklig mekanism bedömdes vara 
filtrering i bädden medan växtupptaget var av ringa storlek. Filtralite-P filtret reducerade BOD7 med 67%;
fosfor och kväve med 72% och 20% respektive. Masugnsslaggen minskade fosforinnehållet med 53% och 
kväveinnehållet med 3%. BOD7-innehållet ökade däremot påtagligt genom slaggfiltret beroende på reducerade 
svavelkomponenter som frigjordes från slaggen. Systemet med Filtralite-P som adsorbent uppfyllde Natur-
vårdsverkets krav på normal men inte på hög skyddsnivå. Systemet med BF slagg uppfyllde inte dessa krav.

VATTEN 62:355–368. Lund 2006

Introduction
In Sweden, about 1 500 000 persons are connected to 
small-scale wastewater treatment units (SEPA, 2002) 
often consisting of sludge separation in a septic tank. A 
fraction of the treatment units has a soil treatment sys-
tem following the septic tank. These small-scale treat-
ment plants are responsible for 20 % of the gross anthro-

pogenic phosphorus (P) discharge while municipal 
wastewater treatment plants with 85% of the popula-
tion connected, account for 15 % (SEPA, 2003). Swed-
ish Environmental Protection Agency has recently pub-
lished directives for small wastewater treatment systems 
(SEPA, 2006). The directives contain a demand of ena-
bling recovery of wastewater nutrients and a specifica-
tion of treatment efficiencies of the systems. The specifi-
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356 VATTEN · 4 · 06

cation is given for two protection levels, normal and 
high. At the normal protection level, tot-P and BOD7
reduction of the treatment system should be 70 and 
90%, respectively. At the high ditto, tot-P, BOD7 and 
tot-N (nitrogen) reduction should be 90, 90 and 50%.
To approach these objectives, many small-scale waste-
water treatment systems need to be updated. Thereby, 
the loading of watercourses with organic matter, P and 
N will be decreased and the recycling of P and N within 
the society can be improved.

In Sweden, short rotation willow coppice has been 
studied since the beginning of 1980 to enhance the pol-
lutant removal, especially N, in wastewater treatment 
plants (Hasselgren, 1984; Hasselgren, 1999; EC 2003). 
Willow as a crop has a high biomass yield, high eva-
potranspiration rate and reported ability to take up 
heavy metals (Perttu & Kowalik, 1997). By using willow 
as fuel instead of coal or oil, CO2 emissions can be re-
duced. Unfortunately vegetation filters have proven to 
have a low P removal capacity (Brix, 1994 & 1997). 
Further, energy forest coppicing is not recommended in 
northern Sweden (NUTEK, 1992). The retention of P 
in small wastewater treatment systems can be improved 
by the use of filter media. Several filter media e.g. blast 
furnace slag (BF slag) (Johansson, 1998) and Ca-enriched 
expanded clay (Filtralite-P) (Ádám et al., 2005; Jenssen 
et al., 2005; Heistad et al., 2006; Öövel et al., 2006) 
have demonstrated a high P sorption capacity. BF slag is 
a by-product from steel plants, whereas Filtralite-P is 
manufactured specially for P sorption in wastewater 
treatment plants. BF slag contains substances (e.g. sul-
phur and vanadium) which may cause problems while 
using it in wastewater application or as a soil condition-
er (Tossavainen & Forssberg, 1999). High energy con-
sumption during manufacturing of Filtralite-P is in a 
conflict with the aim of ecologically sustainable develop-
ment. Further, both of the adsorbents release an effluent 
with high pH (Johansson, 1998; Hellström & Jonsson, 
2005).

The objectives of this paper were:

•  To estimate whether a willow vegetation filter for 
wastewater treatment can be established in cold-cli-
mate and to estimate the biomass production.

•  To estimate the treatment efficiency of willow vegeta-
tion filter in terms of BOD7 and nutrients N and P

•  To determine the efficiency of BF slag and Filtralite-P 
for wastewater treatment in terms of P, N and organic 
matter

•  To present effluent quality and reduction rates of the 
two treatment lines 

•  To describe operating experiences of the treatment 
plant

Materials and Method
Design and site conditions

A small on-site wastewater treatment plant comprising 
of a willow bed planted with two different clones
“Karin” (((Salix schwerinii x S. viminalis) x S. viminalis)
x S. burjatica) and “Gudrun” (Salix dasyclados) was 
constructed in the municipality of Luleå, in northern 
Sweden. The willow plantation was established using 
unrooted stem cuttings with the length of 20 cm at the 
middle of May. The density of plantations was 25 
cuttings/m2. The vegetation filter was followed by two 
parallel P filters comprising of BF slag and Filtralite-P 
(see Fig. 1). 

The influent to the experimental treatment plant was 
a stream of primarily treated wastewater from a village. 
In order to simulate a flow pattern of one detached 
house, wastewater was pumped daily at 6–10 and 17–
22. The pump had the same pumping cycle as the pumps 
of the nearby municipal wastewater treatment plant. 
The capacity of the pump was 0.25–0.4 l/s. The waste-
water flow to the experimental treatment plant during 
the four months of operation was 600–900 l/d. There-
after the flow decreased to 300–600 l/d with few excep-
tions.

About 0.5 m3 of wastewater was pumped daily (time 
weighted average) to a distribution layer and a prefilter 
having a height of 1 m. The wastewater flowed vertically 
through the prefilter, and thereafter horizontally through 
the willow bed. In the P filters, wastewater flowed verti-
cally. The willow bed and the P filters were watersatu-
rated.

A drainage layer under the willow bed unit was built 
in order to avoid displacement forces lifting the bed. 
Two plywood boards of 30 cm height were placed verti-
cally at the bottom of the willow bed in order to improve 

Fig. 1. Layout of the experimental wastewater treatment plant.
Units are given in m.
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mixing of wastewater and precipitation in the bed. The 
location of the boards in the willow bed can be seen in 
Fig. 1. All of the three filters were insulated from the 
sides and the P filters at the top of the cases using 10 cm 
thick polystyrene insulation plates. Pipes were insulated 
using polystyrene pipe insulation and heating cable. 
One submersible heater was placed in each of the out-
door wells. A box in the distribution layer was covered 
with mineral wool wrapped in plastic. 

Design data of the wastewater treatment plant can be 
found in Table 1. The volumes of the willow bed unit 
and each P filter were 26 and 2.2 m3, respectively. The 
calculated retention times for the corresponding treat-
ment processes were 20 and 3.6 d, assuming a porosity 
of 40 %.

Characteristics of phosphorus adsorbents
Filtralite-P is a Ca-enriched expanded clay commercially 
available. BF slag is a by-product from iron making. The 
BF slag used in the study originated from SSAB Merox 
AB in Oxelösund, Sweden. Both of the materials con-
tain Ca and Mg. The bulk density of Filtralite-P and BF 
slag was 550 kg/m3 and 1 300 kg/m3, respectively. The 
filter porosity was 65% in Filtralite-P and 40% in the 
BF slag.

Measurements and analysis
Biomass production and nutrient content of willows

Half of the two sets of willow clones were harvested in 
the spring of the 2nd year before the willows budded. 
The harvested stems were collected randomly from the 
experimental site and were weighted during the same 
day. A 200 g mixed sample of the collected stems was 
used for nutrient content analysis of the clones. The two 
samples were stored frozen prior to the analysis. Three 
stem samples of 50–70 g of each willow clone were 
chosen for dry mass (DM) analysis. The samples were 
chipped before drying at the temperature of 107°C for 
three days. 

In the autumn of the 2nd year, about 75 % of the 
stems were collected randomly before the leaf fall. The 
number of harvested and remaining stems was counted. 
Further, the number of first and second year harvested 
and remaining stems were counted. The weights of 
1- and 2-year-old stems were measured during the same 
day as they were cut. A 200 g sample of the collected 
stems was used for nutrient content analysis of the 
clones. A sample of 100 g of each harvested stem type 
and a sample of 50 g of each willow leaf type were col-
lected for DM analysis. The samples were dried at the 
temperature of 107°C till the dry weights were stable. 

The analytical methods of DM, N and P content are 
presented in Table 2. 

Wastewater

Sampling was done once a month in the pump well, in 
the well after the willow bed and in the wells after the 
P filters. All of the samples were grab samples and 

Table 1. Design parameters of the experimental treatment unit.

H A V Grain size Surface loading Nominal retention time*
[m] [m2]  [m3] [mm]  [m/d]  [d]

Willow bed unit – 32 26  – – 20
Prefilter 1.0  4 20 16–32 0.1 –
Willow bed 0.8 22 16  4–8 0.2 –
BF slag filter 0.9  2.4  2.2  3–6 0.1 3.6
Filtralite P filter 0.9  2.4  2.2  0–4 0.1 3.6

* Calculated at a porosity of 40% and with a flow of 0.5 m3/d.

Table 2. Method of analysis.

Type of sample Parameter Method of analysis

Willow stem DM SS-EN 12880
Tot-P SS-EN13346 mod / SS11885-1
Tot-N SS 02 81 01, ed. 1

Wastewater Tot-P SS 02 81 27
PO4-P QuAAtro Applications

No. Q-031-04
Tot-N SS 02 81 31
NH4-N QuAAtro Applications 

No. Q-001-04 (multitest M9/M10)
NO3-N QuAAtro Applications

No. Q-003-04
BOD7 SS-EN 1899-1 
SO4-S Hach method DR-EL2
SS SS-EN 872
Ca Hach method 8204
pH WTW pH 330 meter
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analysed with respect to tot-P, tot-N, NH4-N, BOD7,
SO4-S and Ca. After four months of operation, samples 
were analysed with respect to pH and SS. At four sam-
pling occasions, the samples were analysed with respect 
to PO4-P and NO3-N. The samples were stored frozen 
prior to analysis. The flow from the pump was registered 
continuously. 

The analytical methods of wastewater analyses are 
presented in Table 2. 

Calculations
Loading rates

Nutrient loadings were calculated by multiplying aver-
age concentrations and the water volume that passed the 
willow bed between samplings during the growing 
period. At the end, the multiplications were added up. 
Irrigation rate was calculated by dividing the accumu-
lated wastewater volume through the bed during the 
growing period with the number of the days of the grow-
ing period.

Biomass production 

At the calculations of the biomass production during 
year 2, the fresh weight of stems was estimated to be 
63% of the total fresh above-ground biomass. The esti-
mation was based on DM measurements in this study 
and a study of Ericsson (1994) where the DM weight of 
stems was about 69% of the total above-ground DM 
biomass for the plants of age 2–3 years. 

Nutrient uptake

Due to an error in analyses of the stem N content at the 
1st sampling, the results of the 2nd sampling for the N 
content of 1-year-old stems were used in the calculation 
of the stem N uptake year 1.

Reduction rates

Reduction rates were calculated from the difference be-
tween the actual influent and effluent concentrations. 
Thus, the effects of retention times, precipitation or eva-
potranspiration were not taken into account at the cal-
culation of the reduction rates.

Results and Discussion
The average concentrations, in the influent wastewater 
of tot-P, tot-N, NH4-N, BOD7, pH and SS were 6.6, 
43, 32, 146, 7.4 and 91 mg/l, respectively. There was no 
big difference between the average and median values of 

these parameters. The average values were within the 
range of the literature values of constructed wetland in-
fluent reported by Vymazal (2002). The bioavailable 
N (NH4-N) was about 74 % of tot-N. The remaining 
part of N was organic bound and not available for plant 
uptake without ammonification. The influent was pri-
marily treated wastewater, thus the nitrate content of the 
total N was negligible (3 %). The amount of bioavailable 
P (PO4-P) in the influent was about 75 % of the tot-P.

Willow bed 
Fertigation of willow bed during the growth period

The load of tot-N, NH4-N and tot-P was 1678, 1259 
and 340 kg/ha, respectively, during the growing period 
of year 1. The corresponding values for year 2 was 790, 
592 and 116 kg/ha, respectively (see Table 3).

Application of nutrients in this study was much 
higher than the plant demand. Estimations of N and P 
demand of Salix have been given by several authors 
(Hasselgren, 1984; Ericsson, 1992; Perttu, 1993; 
NUTEK, 1994; Hasselgren, 1999; Perttu, 1999 and 
Rytter, 2001). The plant demand of N and P was esti-
mated to be 36–200 kg N/ha, a and 5–80 kg P/ha, a 
depending on local conditions (e.g. age of shoots, soil 
type, amount of biomass production). The optimum N:
P-ratio for willows has been given by Perttu (1999), 
100:14. In this study, the rate was higher 100:20 calcu-
lated from the loading rates.

Willows were irrigated with 35 mm/d of wastewater 
during year 1 and 16 mm/d during year 2 as can be seen 
in Table 3. The water demand of Salix grown in south-
ern Sweden was studied by Lindroth and Halldin (1988). 
According to the study, the average water demand based 
on evaporation amounted to 3.5 mm/d during the grow-
ing period. In the present study, the irrigation rate was 
nine and four times higher than the demand during the 
first and second year, respectively. However, there are 
studies carried out in southern Sweden where irrigation 
rates higher than 3.5 mm/d have been successful (Has-
selgren, 1984; Hasselgren, 1998; Hasselgren, 1999; EU 
2003).

Table 3. Fertigation of willow bed during the growing period.
Year 1: 12.7.–18.10. and Year 2: 4.5.–6.9.

Year Tot-N NH4-N Tot-P Wastewater loading
kg/ha kg/h a kg/ha mm/d

1 1678 1259 340 35
2 790 592 116 16
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Biomass production

The stem biomass production of Karin and Gudrun was 
1.4 and 1.2 ton dry mass (DM)/ha for year 1. As for 
year 2, the corresponding values were 8.5 and 8.1 ton 
DM/ha (see Table 4). The biomass production of 
clone Karin was slightly higher than the one for clone 
Gudrun. 

The difference in stem biomass production between 
the clones could be explained by the genetic differences 
between the clones. Gudrun is considered to be a slow 
starter whereas Karin is an opposite ditto (Weih & 
Nordh, 2002). At northern latitudes with short growing 
periods, plants starting to grow fast early in the season 
might gain a great advantage compared to those starting 
to grow slowly (Weih & Nordh, 2002). In this study, 
after three weeks of planting, most of the cuttings of 
Karin had produced above ground shoots whereas about 
half of the cuttings of Gudrun had not above ground 
shoots. Some of the Gudrun cuttings without above 
ground shoots were observed, and the cuttings were 
found to be free of shoots. About half of Gudrun was 
replanted with new cuttings and shoots of the new cut-
tings could be observed after some weeks.

The range of the stem biomass production of 1-year-

old shoots found in similar studies in literature was 
1.2–5.3 ton DM/ha (Hasselgren, 1984; Mortensen et al, 
1998; Rytter, 2001; EC, 2003). Even though the nutri-
ent and water demand of willows was met in this study, 
the stem biomass production for 1 year old shoots was at 
the low end of the range. The corresponding value for 
the stem biomass of the 2th year production was 3.7–
17.7 ton DM/ha (Hasselgren, 1984; Mortensen et al, 
1998; EC, 2003). The stem biomass production during 
year 2 in this study was in the middle of the range of the 
literature values. 

According to Perttu (1983) and Ledin & Perttu 
(1989), temperature is normally the most limiting factor 
for plant growth at high northern latitudes. The growth 
rate is highly correlated with the temperature sum of the 
growth period. Thus, a possible reason for low stem bio-
mass production during the first year and the biomass 
production comparable with other studies during the 
second year could be the average monthly temperatures 
during the experiment. The average temperature of May 
year 1 was 5°C which was 3°C lower than the May of the 
following year. Further, the temperature was well below 
the long time monthly average of 6.4°C (see Fig. 2). The 
average temperatures during the whole experiment were 
above the long time averages with 0.5–3.4°C, especially 
during July, August and September. According to Weih 
and Nordh (2002), an additional biomass gain late in 
the season hardly could compensate for the slow growth 
of slow starters early in the season.

The range of literature values above is from studies 
performed in southern Sweden (Lund and Roma) and in 
Denmark. The number of months with average tem-
perature above 5°C during the years 1961–1990 is 7 in 
Lund, 6 in Roma and 5 in Luleå (SMHI, 1991). How-
ever, the stem production during the second year in this 

Table 4. Stem biomass production and nutrient uptake by the wil-
low stems.

Year
ton DM/ha kg tot-N/ha kg tot-P/ha

Karin Gudrun Karin Gudrun Karin Gudrun

1 1.4 1.2  7.5  4.6 2.2 1.9
2 8.5 8.1 46.5 44.6 9.7 9.7

Fig. 2. Monthly average temperatures at 
Kallax Airport, 19 km south of Brändön 
during the growing periods (year 1 and 
2) with long time monthly averages in 
Luleå and Roma (SMHI, 1991 and 
SMHI 2006).
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study was at the same level as in the study by EC (2003) 
performed in Roma in which the production was about 
9–10 000 kg/ha. Thus, the stem biomass production 
comparable with EC (2003) could be explained by an 
especially warm summer in Luleå. The temperature was 
2°C above the long time average of June–August (SMHI, 
2006) and the average temperatures of May, June, July 
and August in Luleå were similar to the long time aver-
ages in Roma (see Fig. 2). 

The influent wastewater had a temperature of 6–15°C 
during the experiment. It could be possible that the heat 
released from the wastewater had prolonged the growing 
period. In Fig. 3 willows in October year 1 can be seen. 
Willows growing in the surroundings have had leaf fall 
while the willows in the experimental site were still 
green. 

The willows studied were planted almost ten times 
more densely than the recommendation of 20 000
plants/ha (Willebrand et al., 1993). The denser spacing 
might have increased the biomass production in this 
study according to findings of Willebrand et al. (1993). 
However, Kopp et al. (1997) received opposite results of 
the studied spacings of 0.3 x 0.3 (111 111), 0.3 x 0.9 
(37 037) and 0.6 x 1.1 m (15 151 plants/ha). In that 
study, the differences in biomass production between 
the spacings were not found to be statistically signifi-
cant.

In this study, the irrigation rate was > 15 mm/d and 
thus exceeded the evaporation rate during the growing 
period. Studies have shown an inhibitory effect of the 
high irrigation rate (10 mm/d and higher) on biomass 
production (Kowalik & Randerson, 1994; Hasselgren, 
1998 and Hasselgren, 1999) explained by that the root 
zone became anaerobic. However, an inhibitory effect of 
the high irrigation rate may not have existed in this 
study since the flow was horizontal in the willow bed 

and the water table was 10–25 cm below the soil sur-
face.

Nutrient uptake

The N uptake by Karin and Gudrun stems was 7.5 and 
4.6 kg/ha, respectively, during year 1. The correspond-
ing values for the P uptake were 2.1 and 1.9 kg/ha as can 
be seen in Table 4. The nutrient uptake of the clones 
during year 2 increased due to the higher biomass pro-
duction. The N uptake in stems of Karin and Gudrun 
then was 46.5 and 44.6 kg/ha, respectively. There was 
no difference in the stem P uptake between the clones. 
The uptake was about 9.7 kg/ha. The stem nutrient up-
take by the clone Karin was higher than by the clone 
Gudrun during the experimental period. Further, the 
assimilation of N and P in stems was about 2% of the 
loaded amounts during the growth period.

The higher N uptake by the clone Karin stems was 
not solely due to a higher stem biomass production but 
higher N content in the stems. The N content of the 
stems was about 0.5% in Karin and 0.4% in Gudrun. 
There was no great difference in the stem P content be-
tween the clones. This content was about 0.1%.

In literature, stem N uptake by 1- and 2-year-old 
willows was 9–36 kg N/ha, a (Mortensen et al., 1998; 
Rytter, 2001) and 27–149 kg N/ha, a (Ericsson, 1994; 
Mortensen et al., 1998; Aronsson et al, 2001; Rytter, 
2001). The N uptake by willow stems produced year 1 
was below the literature range, and the uptake by the 
stems produced year 2 was within the literature range in 
this study, but at the low end. The lower N uptake in 
this study compared to literature values was due to both 
lower stem biomass production and lower N content of 
the stems. Literature values for stem N content of 1-
year-old and 2-year-old willows were of 0.4–1.15 %
(Obarska-Pempkowiak, 1994; Mortensen et al., 1998; 
Rytter, 2001) and 0.53–0.74% (Mortensen et al, 1998; 
Rytter, 2001), respectively.

Effluent quality

The reduction rates of tot-N, NH4-N and tot-P of the 
willow bed during the experimental period are given in 
Fig. 4. The tot-N and tot-P reduction rates were 10–60%
with a few exceptions. The reduction of NH4-N was 
10–40% during the experimental period. At the sam-
pling occasions of 5.8., 15.11. and 4.1., the higher re-
duction rates were due to influent concentrations higher 
than the average concentrations when the corresponding 
effluent was expected after 2–3 weeks. Further, the low 
reduction rates at 21.4. sampling was due to an influent 
diluted by melting snow. No obvious changes in the 
treatment efficiencies of NH4-N, tot-N and tot-P were 
found between summer and winter conditions. 

Fig. 3. Willow plants with leaves in October after three months of 
growth. The surrounding willows have had the leaf fall. The 
black pipes are 50 cm tall.
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The pretreatment step may not have been effective in 
nitrifying the wastewater ammonium due to a low con-
tact time and insufficient spreading of wastewater over 
the prefilter. Thus, there were not prerequisites for a 
high N reduction through denitrification. The main 
mechanism of N reduction may have been separation of 
particulate matter since the NH4-N reduction of the 
tot-N ditto was about 70% and the reduction rate was 
about the same regardless the time of the year. Further, 
the mean SS reduction in the willow bed was high 
(93%).

The removal of P in the willow bed may have oc-
curred through mechanical filtration of particulate P. 
Due to the neutral pH of the effluent wastewater and 
the fact that macadam was used as substrate P removal 
may not have occurred through adsorption reactions to 
a large extent. 

The average reduction rates of tot-N, NH4-N and 
tot-P were 40, 28 and 27 %, respectively. N and P re-
moval efficiency given by literature (Hasselgren, 1984; 
Hasselgren, 1999 and Mant et al., 2003) was 58–95%
and 90–97%, respectively. The lower N and P reduction 
rates in this study could be explained by high loading 
rates of the nutrients exceeding the nutrient demand of 
the willows. A study of Hasselgren (1999) supports this 
explanation. In that study, the irrigation rates were 
adapted to the evaporation rate and to the nutrient de-
mand which resulted in treatment efficiencies of N and 
P of about 80% and 95 %, respectively. 

Tot-N, NH4-N and tot-P concentrations in the 
effluent, as can be seen in Fig. 5, did not vary to a great 
extent during the experiment, even though influent 
concentrations doubled (not shown). Tot-N and 
NH4-N concentrations in the effluent were 20–37 and 

Fig. 4. Tot-N, NH4-N and tot-P reduc-
tions in the willow bed.

Note: At the sampling occasions of 
5.8., 15.11. and 4.1., the influent con-
centrations were much higher than 
the average concentrations for all three 
parameters. The corresponding efflu-
ent was expected 2–3 weeks later. The 
lower reduction rates of tot-N and 
tot-P at the 24th of April were due to 
an influent diluted by melting snow.

Fig. 5. Tot-N, NH4-N and tot-P con-
centrations in the effluent of the willow 
bed during the experiment.
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19–28 mg/l during the experimental period. Tot-P con-
centration varied between 3.6 and 6.8 mg/l. A single 
peak of tot-N content in the effluent (19.1.) could be 
due to an influent of high strength that entered the wil-
low bed some weeks earlier. During the experiment, the 
highest tot-N content in the influent was measured at 
the 4th of Jan., and it was 60 mg/l. Further, the snow 
melting occurred at the end of April. The corresponding 
effluent was leaving the willow bed some weeks later 
which can be seen as low effluent concentrations at 16.5. 
The average tot-N, NH4-N and tot-P concentrations in 
the effluent were 26, 23 and 4.8 mg/l.

In a study by Mant et al. (2003), wetland systems 
with willows were irrigated with wastewater. According 
to Mant et al. (2003), suitable volumes of wastewater 
were added each week over period of 19 weeks with the 
mean concentrations of ammonium N and P same as in 
this study. N and P concentrations in the effluent were 
6–25 mg/l and 1–4 mg/l, respectively. Thus, the effluent 
concentrations of N and P in this study were about 
within the same ranges but at the higher end.

The BOD7 reduction rates and the BOD7 content in 
the influent and effluent is presented in Fig. 6. The 
BOD7 reduction was high and between 80–90 % with 
few exceptions even at a high loading rate of 80 g/d. 
There was no great variation in the reduction rates dur-
ing the experimental period. The BOD7 content in the 
influent was fluctuating; 80–368 mg/l. The BOD7 con-
centrations in the effluent was fluctuating during the 
first month and was 26–44 mg/l. Thereafter, the con-
centration decreased with time from 20 mg/l to about 
10 mg/l till the end of the experiment. The average 
BOD7 reduction rate and concentration in the effluent 
was 86% and 26 mg/l.

There was a pattern where reduction rates were fol-
lowing the influent concentrations. The high reduction 

rate during the 5th of August year 1 could be due to a 
high BOD7 content in the influent. The following re-
duction rate was low which could be due the high 
strength influent that had entered the treatment plant 
about a week earlier. The decrease in the reduction rate 
at 24.4. sampling could be due to the influent being 
diluted by water from snow melting. 

The removal efficiencies of BOD found in literature 
for similar willow-wastewater irrigation systems were 
74–98% (Hasselgren, 1984; Kowalik & Randerson, 
1994; Hasselgren, 1999; Mant et al., 2003). In this 
study, the reduction rates were within this interval dur-
ing the whole experimental period. In a study performed 
by Mant et al. (2003), a wetland system with willows 
and a control without willows were irrigated with waste-
water. In that study, the BOD reduction was high in 
both of the systems, and at a level of 90% which indi-
cates that a high reduction of organic matter can be 
achieved without vegetation effects. The BOD7 removal 
of this study may have occurred through a mechanical 
filtration of organic matter since the reduction of SS was 
high (93%). Further, a part of the reduction may have 
occured through a biofilm on the substrate grains and 
on the willow roots that developed with time as the con-
centration in the effluent decreased during the experi-
ment.

In this study, the BOD7 concentration in the effluent 
was within a range (7–44 mg O2/l) given by the study of 
Mant et al. (2003). 

Phosphorus adsorbents
Phosphorus removal

The P reduction rates and the effluent concentrations of 
tot-P for both of the adsorbents are presented in Fig. 7. 
For the Filtralite-P and the BF slag filters, the tot-P re-

Fig. 6. The reduction and the effluent 
concentrations of BOD7 in the willow 
bed during the experiment.
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duction was 96–99 and 77–93%, respectively, in the 
beginning but decreased rapidly within a few months of 
operation to the level of 60–74 and 2–20 %. This high 
reduction in the beginning could be due to a mainte-
nance work in the filters which was done during August 
of year 1. At that time, the wastewater flow to the filters 
decreased. In September, when the filters were in normal 
operation, the decrease of reduction rates and the in-
crease in effluent concentrations could be seen at the 
following sampling. After three months of operation, 
the effluent tot-P concentration of the BF slag filter was 
above 4 mg/l and the reduction rate below 20 %. After 
nine months, the BF slag material was considered P sat-
urated since the tot-P reduction rate was stable and be-
low 20 %. The filter was reducing particulate P as the 
tot-P and PO4-P concentrations in the effluent were 
about the same. Therefore, operation of the BF slag filter 
was terminated. The reduction rate of the Filtralite-P 
filter was decreasing with time but not as drastically as in 
the BF slag filter. The two low reduction rates in the 
spring of year 2 (35–40 %) were due to a influent waste-
water that was diluted by water from snow melting. The 
tot-P concentrations of the Filtralite-P filter effluent in-
creased from 0.1 to about 2 mg/l at the end of the ex-
perimental period. When the operation of the BF slag 
filter was terminated, the Filtralite-P filter gave a P re-
duction of 35–50 %, and the effluent had a content of 
2–3 mg tot-P/l. The mean tot-P concentration in the 
effluent of the Filtralite-P and BF slag filter was 1.3±0.9 
mg/l and 3.3±2.1 mg/l, respectively. 

The Filtralite-P filter was more effective in reducing P 
than the BF slag filter. This could be due to the smaller 
grain size of the Filtralite-P compared to the BF slag as 
the substrate with a smaller particle size will have larger 
a surface area increasing the potential for direct reaction 
with phosphates. This could be the case for the adsorb-

ents in this study as the PO4-P reduction was higher in 
the Filtralite-P filter (45 %) than in the BF slag ditto 
(15%). A higher P sorption in a BF slag filter with 
smaller grain size was observed in a study of Hylander et 
al. (2006). The main mechanism of P removal in the 
adsorbents could be a formation of Ca-phosphates as the 
PO4-P reduction was more than 50 % of the tot-P ditto. 
A part of the P was removed through mechanical filtra-
tion of particulate P as the tot-P reduction was higher 
than the PO4-P ditto. Further, more extensive mechani-
cal filtration of particulate P may have occurred in the 
Filtralite-P filter than in the BF slag ditto since SS reduc-
tion was higher in the former one. 

P removal is related to highly alkaline conditions and 
large amounts of soluble calcium (Johansson, 1998). 
The average pH in the effluent of Filtralite-P was 9.7 
and about one unit higher than in the one of the BF slag 
filter. Moreover, the average calcium concentration in 
the effluent of Filtralite-P (79 mg/l) was higher than in 
the effluent of BF slag filter (56 mg/l). These conditions 
created better prerequisites for P removal in the Filtra-
lite-P filter than in the BF slag ditto. 

Jenssen et al. (2005) presented a summary of efficien-
cies of constructed wetlands in Norway with a pretreat-
ment biofilter. The substrate in the wetland systems was 
Filtralite-P and the total wetland area varied between 
7–12 m2/pe. For 10 of these 13 wetlands the removal 
efficiency of P was above 93% and the effluent concen-
tration 0.01–0.6 mg tot-P/l. Higher P removal in these 
systems compared to this study can be addressed to a 
higher volume of P adsorbent per person in the Nor-
wegian systems.

In a study of Asuman Korkusuz et al. (2005), removal 
of P in a BF slag-based wetland planted with reeds was 
studied. The wetland was loaded with 0.10 m/d munici-
pal wastewater. The average P removal and P concentra-

Fig. 7. The reduction and the effluent 
concentrations of tot-P in the adsorbents.
The open marker denotes the reduc-
tion rate and the closed marker the 
effluent concentration.
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tion in the effluent was 45% and 3.3 mg/l, respectively, 
and these figures are at the same level as in this study. 

The amount of sorbed P by the filter media when the 
operation of the filter was terminated is given in Table 5. 
The Filtralite-P material had sorbed 378 mg P/kg when 
the operation of the filter was terminated. The corre-
sponding value for the BF slag filter was 64 mg P/kg 
after operation of 9 months. The higher P loading rate 
of the Filtralite-P filter is due to longer operation of the 
filter than the BF slag ditto. When the operation of the 
BF slag filter was terminated, the Filtralite-P filter had 
sorbed 171 mg P/kg material. Thus, the longer operation 
time of the Filtralite-P filter can not explain the higher P 
sorption of this filter compared with BF slag ditto. 

The P sorption by the BF slag and by the Filtralite-P 
filter was lower than the ones found in the literature 
(Yamada et al., 1986; Lee et al., 1997; Johansson, 1998; 
and Ádám et al., 2005). A possible reason for lower sorp-
tion values in this study compared with the literature 
can be due to the differences in the experimental meth-
od. The studies in the literature are often batch experi-
ments or column experiments using artificial P solutions 
which give too high estimates of sorption capacities 
(Drizo et al. 2002). Further, the Filtralite-P material in 
this study was not completely P saturated since the in-
fluent concentrations were higher than the effluent 
ditto. A sorption value of 52 mg P/kg Filtralite-P was 
presented for a wetland system treating wastewater from 
a school (Ádám et al., 2006). In that study, the filter 
material was not saturated with P as the inlet concentra-
tions were higher than the outlet ones. 

Prior to the willow planting, wastewater was pumped 
to the willow bed unit. A valve was leaking wastewater 
that was drained off from the area through the BF slag 
filter and partly through the Filtralite-P filter. Further, 
the willow bed was not covered with an impermeable 
layer. Water from snow melting and rainfall from the 
willow bed entered the P filters in pulses. These factors 
may have caused partial washing away of vital substances 
for P sorption reducing the P removal capacity. A possi-
ble washing out was reported by Hellström & Jonsson 
(2005) where a Filtralite-P filter had a sorption value of 

about 100 mg P/kg substrate when indications of satura-
tion in the bottom of the filter were reported. In that 
study, the P load on the filter bed was 30 % of the design 
capacity and only 5 % of the assumed P sorption capac-
ity had been utilised. Alkalinity and calcium concentra-
tions had decreased significantly after one and half a year 
operation possible due to a leakage in a storage tank into 
the treatment plant.

Nitrogen removal

Tot-N reduction in both of the filter varied to a great 
extent. The reduction rates in Filtralite-P and the BF 
slag were –7 to 52 and –52 to 22 %, respectively. When 
the flow to the filters was reduced (August of year 1), a 
tot-N reduction of 40–50 % and 10–20% occurred in 
the Filtralite-P filter and the BF slag filter, respectively. 
Otherwise, the tot-N reduction in the filters was lower 
and below 30% in the Filtralite-P filter and below 10%
in the BF slag ditto (with one exception). The tot-N re-
duction was higher in the Filtralite-P than in the BF slag 
ditto with few exceptions. The average tot-N reduction 
rates in the BF slag and the Filtralite-P filters were 3 and 
20%, respectively. 

The tot-N concentration in the BF slag and the 
Filtralite-P effluents varied between 21–35 and 13–32 
mg/l, respectively. There was a decrease in the tot-N 
effluent concentrations for both filters when the flow 
was reduced. Otherwise, no obvious pattern could be 
found for the fluctuations of the effluent tot-N concen-
trations. The average tot-N concentrations in the BF 
slag and the Filtralite-P filter effluent were 28 and 22 
mg/l. The average NH4-N concentration was about 
78% of the average tot-N effluent concentration for 
both of the filters.

The main mechanism for N reduction in the filters 
could be mechanical filtration of particulate N since SS 
reduction occurred in both filters. Further, it could 
explain the higher N reduction in the Filtralite-P filter 
since the grain size of the Filtralite-P material was small-
er and the SS reduction in the Filtralite-P filter was 
higher. Since NH4-N reduction occurred in both of the 
filters, the N reduction in the filters may also be due to 
other mechanisms. When the flow to the filters was 
reduced (during August year 1), the tot-N reduction was 
the highest during the whole experimental period in 
both of the filters. The NH4-N reduction in the Filtral-
ite-P was at the same highest compared to the whole 
experimental period. The pH in the effluent in both of 
the effluents was above 10. This indicates that a part of 
the N may have been reduced in the filters through 
volatilization of ammonium, and most intensively when 
the retention time of the filters was reduced (August 
year 1). 

The reduction of tot-N by the BF slag and the Filtra-

Table 5. P sorption by the filter medium when the filter operation 
was terminated. BF slag filter operated 9 months and Filtralite-
P filter 13 months before the termination.

BF slag Filtralite-P

Phosphorus load, g 510 620
Sorbed tot-P, g 180 460
mg P/kg filter material  64 378
mg P/m3 filter material  83 208
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lite-P filter was lower than in other P sorption filters in 
the studies of Hellström & Jonsson (2005) and Öövel et 
al. (2006). The reduction of NH4-N by the Filtralite-P 
filter in this study was about as high as in the study of 
Hellström & Jonsson (2005). Further, the average tot-N 
and NH4-N concentrations in the effluent of the Filtral-
ite-P were similar to the ones in the study of Hellström 
& Jonsson (2005).

BOD7 removal

As can be seen from Fig. 8, the Filtralite-P filter was 
more effective in reducing BOD7 than the BF slag filter. 
During the experimental period, the BF slag filter was 
releasing an effluent with a higher BOD7 concentration 
than in the influent with few exceptions. The BOD7
content in the effluent could be up 17 times higher than 
the in the influent. Similar phenomena could not be 
seen in the Filtralite-P filter. The high BOD7 reduction 
in the BF slag filter at 24.4. sampling could be due to a 
sample diluted by water from snow melting. The Filtral-
ite-P filter had a BOD7 reduction that varied between 
50 and 80% during the experiment. 

The high BOD7 reduction rates in the Filtralite-P 
could be due to fine filter material which was effective in 
filtering the particulate organic matter. Thus, the me-
chanical filtration was the main mechanism of BOD7
removal in the Filtralite-P filter. 

The effluent BOD7 concentrations in the Filtralite-P 
filter decreased during the experiment from 17 mg/l to 
3 mg/l till at the end of the experiment. The same trend 
could be seen in the effluent BOD7 content of the BF 
slag filter. The concentrations decreased from about 
hundred mg/l to about ten mg/l. High influent BOD7
concentrations were coupled with high effluent ditto in 
both of the filters. 

According to Kanschat (1996), the BF slag consists of 
1–2 % reduced sulphuric compounds which may be 
oxidised and leached out. The high BOD7 content in 
the effluent of the BF slag filter could be due to a high 
release of reduced sulphuric compounds from the BF 
slag material as the effluent SO4-S concentrations of BF 
were high at the same time (150–500 mg/l). The efflu-
ent SO4-S concentrations of the Filtralite-P filter were 
6–55 mg/l and the concentrations of the influent waste-
water was 36–51 mg/l. The effluents of the adsorbents 
were exceeding the SO4-S limit of Swedish drinking 
water which is 33 mg/l.

The average and median reduction of BOD7 in the 
BF slag filter was –231 and –35 %, respectively. The 
average and median reduction in the Filtralite-P filter 
was about 70%. The average and median BOD7 con-
centrations of the BF slag effluent were 111 and 26 mg/l. 
The corresponding values of the Filtralite-P effluent 
were 4.1 and 5.4 mg/l. The BOD7 reduction and the 
average BOD7 effluent concentration of the Filtralite-P 
were at the same level as in the study of Öövel et al. 
(2006).

Overall function of the treatment plant
Effluent quality

The average effluent concentrations of tot-P, tot-N 
NH4-N, BOD7, pH and SS in the effluent with the 
average reduction rates of the parameters in the two 
treatment systems are presented in Table 6. The average 
tot-P, tot-N NH4-N, BOD7, pH and SS concentrations 
in the Filtralite-P effluent were 1.3, 22, 20, 7.6, 9.7 and 
2.6 mg/l, respectively. The corresponding values for the 
BF slag effluent were 3.3, 28, 25, 85, 8.8 and 3.5 mg/l, 
respectively. The Filtralite-P treatment system was more 

Fig. 8. The reduction and the effluent 
concentrations of BOD7 of the P filters 
during the experiment.
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effective than the BF slag ditto in removing these waste-
water compounds. This was especially apparent for tot-P 
and BOD7. Further, there was a great variation in the 
reduction rates of the BF slag system; the system could 
occasionally have negative reduction rates of tot-N, 
NH4-N and BOD7.

Swedish Environmental Protection Agency has re-
cently published directives for small wastewater treat-
ment systems (SEPA, 2006). The directives contain a 
demand of enabling recovery of wastewater nutrients 
and a specification of treatment efficiencies of the sys-
tems. The specification is given for two protection levels, 
normal and high. These treatment efficiencies of the 
protection levels can be seen with the average pollutant 
reductions in the studied systems in Table 6. The BF slag 
system did not fulfil the requirements of the normal or 
the high protection level. The Filtralite-P system could 
fulfil the reduction rates of the normal and two of the 
three reduction rates in high protection level. 

Operation experience

The treatment plant has been operating since the begin-
ning of July 2005. Soon after the introduction of the 
treatment plant, a perforated pipe with 4 mm holes in 
the distribution layer of the willow bed was clogged by 
the solids of the wastewater. The perforated pipe was 
replaced by a box with V-formed weirs where waste
water overflowed to the prefilter. No clogging of the wil-
low filter or the adsorbents could be observed. After 
some months of operation, a precipitate appeared at the 
bottom of the outlet (sloping 1–2 ‰). With time the 
thickness of the precipitate layer was increasing, and 
after a year and half of operation, the thickness was 
about 20% of the inner diameter of the pipe. 

Frost killed most of the top shoots of the hybrids dur-
ing the late autumn of year 1. However, the growth con-
tinued next spring with new shoots, see Fig. 9. Problem 
with weed were not experienced mainly due to the na-
ture of the substrate in the willow bed. Some single weed 

plants appeared at the prefilter and at the edges of the 
willow bed during the experiment. At the end of the 
second growth period, willow stems shadowed by other 
willows became long and thin due to a dense planting. 
This effect can make them susceptible for heavy rains 
and snow fall. Thus, dense spacing of willows should be 
avoided. 

The willow bed was not covered with an impermeable 
layer. The effect of it could be seen as an increase in the 
flow from the willow bed to the P filters during snow 
melting and precipitation which resulted in decreased 
retention times of the willow bed and of the P filters. It 
was hard to quantify the effect of the decreased retention 
times on the treatment efficiencies. 

The BF slag effluent was strongly coloured to yellow, 
especially in the beginning of the experimental period. 
At the same time, sulphuric odours were experienced at 
the effluent. Similar phenomena could not be observed 
at the effluent of the Filtralite-P filter. 

Even though the pipelines were placed in the depth of 
ground frost, no freezing problem occurred due to use of 

Table 6. Average reduction rates and effluent quality of the present study with the reduction rates given by SEPA (2006) for two 
protection levels.

System Tot-P Tot-N NH4-N BOD7 pH SS

Average concentration (mg/l) BF slag 3.3±2.1 28±5 25±3  85±108 8.8±0.2 3.5±1.4
Filtralite-P 1.3±0.9 22±6 20±4 7.6±4.2 9.7±0.3 2.6±1.0

Average reduction rate (%) BF slag 53 38 25 48 – 95
Filtralite-P 83 51 39 95 – 96

Reduction rate by SEPA (%) Normal level 70 – – 90 – –
High level 90 50 – 90 – –

– = not given

Fig. 9. New shoots with frozen ones – the clone Gudrun.
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different kinds of insulation materials, heating wire and 
submersible heaters. 

Conclusions
The willow vegetation filter could be established in cold 
climate. Even though most of the willow shoots experi-
enced frost damages at the end of the year 1, both of the 
clones produced about equal high stem biomass of 8 ton 
DM/ha during year 2. The high biomass production was 
most likely due to temperatures higher than long-time 
monthly averages during the growth period and to a 
high fertigation rate.

The reduction of BOD7 of the willow filter was in 
average about 80% and the average reduction of tot-P 
and tot-N was about 20–30%. The main removal 
mechanism was mechanical filtration. The low nutrient 
removal rate was due to a loading rate exceeding several 
times the nutrient demand and a low nitrification rate of 
the prefilter. 

The Filtralite-P filter was more effective in reducing P, 
N and organic matter measured as BOD7 than the BF 
slag filter. The average reduction rates of the previous 
parameters in the Filtralite-P filter were 72, 20 and 
67%, respectively. The corresponding values for the BF 
slag filter were 53, 3 and –231%, respectively. The nega-
tive reduction of BOD7 of the BF slag filter was coupled 
with a high release of sulphuric compounds.

The overall reduction rates of tot-P, tot-N and BOD7
in the Filtralite-P system were 83, 51 and 95 %, and the 
corresponding values for the BF slag system were 53, 38 
and 48%, respectively. Thus, Filtralite-P system achieved 
the requirements of the normal protection level given by 
Swedish Environmental Protection Agency but not all of 
the requirements of the high ditto. The BF slag system 
did not fulfil the requirements of the two protection lev-
els. The average concentrations of tot-P, tot-N and 
BOD7 in the Filtralite-P filter effluent were 1.3, 22 and 
7.6 mg/l. The corresponding values for the BF slag filter 
effluent were 3.3, 28 and 85 mg/l.

No clogging problems occurred in the treatment plant 
besides in a perforated pipe at the beginning of the ex-
periment. No freezing of the pipes took place due to 
heating and insulation of the treatment plant. Due to a 
coarse mineral substrate, no great weed problems existed 
in the willow bed. Dense spacing of willows should be 
avoided in order to produce more stable willow stands 
for heavy precipitation. In order to avoid clogging of the 
outlet pipe from the P filter, the slope of the outlet pipe 
should be more than 1–2 ‰. The willow bed and the 
P filters should be constructed in such manner that 
neither drainage water nor precipitation may enter the 
units to a great extent.
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