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A B S T R A C T

Discharges of phosphorus (P) from on-site wastewater treatment systems generally contribute to eutrophication
problems in Swedish freshwaters and, ultimately, in the Baltic Sea. Such concerns have led to a growing interest
in improving P removal in treatment facilities. This study investigated the reduction of P in 12 full-scale on-site
treatment systems featuring sand filters and alkaline P-filters by sampling and analysing filter influents and
effluents. The flow-proportional samples collected were analysed for total and dissolved P, BOD7, total and
dissolved organic carbon (TOC and DOC), and pH. Seven of the eight investigated sand filters did not provide
satisfactory total P reduction; the likely explanations are filter clogging and wastewater dilution by extraneous
water. In addition, effluents from four of the eight sand filters had total P concentrations higher than 3mg L−1,
which is the Swedish effluent limit recommended for common receiving waters, indicating that a subsequent
polishing step would be needed. Six of the nine investigated P-filters reduced P adequately, with total P con-
centrations in the effluent ranging between 0.1 and 1.9 mg L−1. The three underperforming P-filters had effluent
pH values below 9; filter age, clogging, and hydraulic overload were identified as probable reasons for their poor
performance. A statistically significant correlation was found between total-P reduction and filtrate pH, but no
significant correlation was detected between organic load in the influent and P reduction by the P-filters. The P-
filter media replacement frequency could not be established, but filtrate pH appeared to be a good estimator.

1. Introduction

Eutrophication, caused by excess nutrients such as nitrogen (N) and
phosphorus (P) in water bodies, is acknowledged as the single largest
environmental problem in the Baltic Sea [1]. All Swedish water-
s–including lakes, rivers and coastal waters–have been identified as
sensitive to P discharge [2]. Moreover, the gross discharge of P from
private small-scale wastewater systems (septic systems) in Sweden is as
large as the discharge from all municipal wastewater treatment plants
together, accounting for 15% of the total anthropogenic release of P
[3].

The Swedish regulation for small-scale wastewater facilities (< 25
person-equivalents) consists of a set of guidelines recommending cer-
tain reductions for P, N, and organic carbon measured as BOD [4]. The
suggested criteria are 70 and 90% removal of total P (tot-P) for common
and highly sensitive receiving waters, corresponding to tot-P effluent
concentrations of less than 3 and 1mg L −1, respectively. However, it is
estimated that less than 50% of the approximately 700,000 existing
facilities provide adequate treatment and comply with these guidelines
[5,6]. Thus, better understanding of how much P these facilities remove
and how long the filters maintain their efficiency after installation is
needed.

On-site wastewater treatment facilities in Sweden usually consist of
primary treatment in a septic tank followed by secondary treatment;
usually either soil-based systems such as sand filter beds or drain fields,
or package treatment plants. Both biological and physicochemical
processes can occur in secondary treatment. Additionally, where re-
quired, a tertiary treatment with an alkaline filter (P-filter) can be
added as a final polishing step to remove P. The effluent water is dis-
charged into the subsoil or into receiving water bodies (e.g., ditches,
streams, lakes or the sea).

Extensive reviews of P removal and recovery technologies [7] and
specifically of reactive filter materials for P sorption [8] have high-
lighted the potential benefits and development of P removal and re-
cycling. Removal of P in P-filters and sand filters is influenced by the
hydraulic and organic load of the incoming wastewater [9,10] and the
physical and chemical properties of the filter material, e.g. mineralogy,
grain size and pH [10–12]. Biofilm growth and clogging may occur and
diminish the efficiency of the filter material. The efficiency of sand
filters with respect to hydraulic and biological behaviour such as bio-
film development [10], clogging mechanisms [13] and performance
under cold-weather conditions [14,15] has been previously studied in
laboratory and pilot-scale tests and field conditions [16]. Materials used
in P-filters for on-site treatment have been also studied in laboratory-
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and pilot-scale tests [17,18], but only few full-scale studies have been
published. These full-scale studies include [19], who investigated the
performance of nine filter beds containing Filtralite® P filter media in
several Nordic countries, and [20] who compared the nutrient removal
efficiency of 13 different sand filters in Finland.

Despite previous laboratory and pilot-scale studies, there is a lack of
full-scale studies on P removal in both sand filters and P-filters. In
particular, investigations based on flow-proportional sampling (instead
of grab sampling) are rare, probably due to the laborious nature of the
methodology [20]. Moreover, grab sampling can result in the collection
of non-representative samples due to the varying flow and concentra-
tion of wastewater constituents, and can increase the uncertainty range
of the results, especially when analysing tot-P loads [21].

The objective of this study was to investigate the reduction of P in
full-scale on-site wastewater treatment systems equipped with either
sand filters and/or P-filters, using flow-proportional sampling; the
analysis focused on filter performance and compliance with current
guidelines. The study also examined whether pH can be used as a
parameter for deciding when the filter media needs to be changed.

2. Materials and methods

2.1. Investigated facilities

Twelve on-site wastewater treatment facilities (A–L) were in-
vestigated (Table 1): A–C (sand filters), D–H (sand filters with P-filters)
and I–L (P-filters). Four of the P-filters were installed in small package
plants and five were installed downstream from sand filters. The re-
maining three sand filters did not have any downstream treatment.

The sand filters in facilities A, D and E were built according to
Swedish standards and consisted of a 80 cm layer of filter media (sand
and gravel, particle sizes 2–8mm) with a design load of
30–60 Lm−2 d−1 and a typical surface area of 25m2 [22]. The lifespan
of sand filters has been estimated to 15 years [23] however, it is often
used for 20–30 years [6]. The wastewater was distributed through
slotted pipes and filtered vertically through the filter bed to the bottom
of the system, where it was collected in drainage pipes. The sand filters
in facilities B and C were smaller in size than the Swedish standard and
contained plastic crates (biomodules) to increase their hydraulic ca-
pacity. Sand filters F, G and H used a slightly different construction
method than the standard, and had a layer of drainage baskets on the
top (biomodules) with a triangular cross section, about 0.5 m wide,
where the distribution pipe was located. All sand filters were covered
with an approximately 30 cm thick layer of soil.

The nine P-filters consisted of bags filled with P-sorbing material. In
eight of them, the filter media Polonite was used (supplier: Ecofiltration
AB, Sweden), placed in a plastic container installed at ground level, and

operated in down-flow (D) or up-flow (F–L) mode. In facility E, the
filter media Filtra P (supplier: Wavin-Laboko Ltd) was used and placed
in two chambers installed at different levels so the wastewater perco-
lated downwards through the filter media in the first chamber and
upwards in the second chamber. Facilities I, J, K and L had P-filters
installed inside package plants that functioned as a pre-treatment for
the P-filters. Alkaline P-filters should be replaced after 2–3 of years of
use, according to the producers [24].

Facility I was a package plant (4evergreen by Biorock®) consisting of
a trickling filter made of fibre material installed inside a HDPE tank
where the wastewater percolated through. Facilities J and K were Biop®

plants that consisted of a PE unit with multi-stage biological treatment
based on attached growth with no aeration and facility L was an aerated
activated sludge system installed inside of a HDPE unit (Ecobox Small
by Ecotech AB).

2.2. Water sampling and analyses

Sampling was carried out between September and October 2015
and between May and August 2016 (Table 2). For each facility, grab
samples were taken in the third chamber of the septic tank or from the
distribution/pumping box where the wastewater was transferred to the
sand filter. Flow-proportional samples were taken from the outlets of
the sand filters, package plants and the P-filters. The samples were
taken at different times of the day over a period of several hours, de-
pending on the specific flow (it varied greatly between facilities) and

Table 1
On-site wastewater treatment facilities in the study (table adapted from [25]). The columns Years in use refer to the number of years the treatment units had been in use at the time of
sampling.

Facility Main treatment unit Years in use P-filter unit Years in use No. of users Frequency of use

A Sand filter, Swedish standard 6–7 – – 3 Year-round
B Sand filter, with biomodules 2–3 – – 2 Year-round
C Sand filter, with biomodules 1 – – 5 Year-round
D Sand filter, Swedish standard 1–2 Bag with Polonite, down-flow 1–2 2 Year-round
E Sand filter, Swedish standard 6–7 Wavin-Labko tank with Filtra P 6–7 5 Year-round
F Sand filter, with biomodules 5 Bag with Polonite, up-flow 1 2 Summer
G Sand filter, with biomodules 3 Bag with Polonite, up-flow 1 2 Summer
H Sand filter, with biomodules < 1 Bag with Polonite, up-flow <1 2 Year-round
I Biological fibre material in a tank 3 Bag with Polonite, up-flow 2 2 approx. 6 months/year
J Biop®, biofilm treatment without aeration 7 Bag with Polonite, up-flow <1 7a Year-round
K Biop®, biofilm treatment without aeration 7 Bag with Polonite, up-flow <1 7a Year-round
L Activated sludge with aeration < 1 Bag with Polonite, up-flow <1 2 Year-round

a Facilities J and K served the same 14 users in total; the wastewater was pumped from the septic tank to a distribution chamber where the flow was diverted into the two separate
Biop® facilities. Evenly distributed flows to the two P-filters were assumed, thus serving 7 users each.

Table 2
Summary of the sampling campaigns.

Facility No. of
sampling
occasions

Sampling period Duration of
sampling
(totalhours)

Volume
collected
(total L)a

A 7 Sept 2015–June 2016 25 1124
B 3 May–June 2016 13 41
C 3 May–June 2016 9 95.9
D 6 Sept 2015–May 2016 17 172
E 6 Sept 2015–May 2016 17 274.2
F 3 Aug 2016 7 44
G 3 Aug 2016 8 16
H 4 Aug 2016 9 47.4
I 3 Aug 2016 8 553
J 3 Aug–Sept 2016 10 400.5
K 3 Aug–Sept 2016 11 323
L 3 Aug–Sept 2016 8 368

a The volume collected during the sampling campaigns varied considerably due to
differences in flow and practicalities such as the time of the day and presence of users.
Facility I had a water use higher than usual during the sampling days; facility L was
sampled only during evening hours.
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practicalities regarding equipment and location. Flow was measured
manually (volumetric flow measurements), using effluent flow for the
sand filters and either influent or effluent flow for the P-filters. At each
sampling event, two composite samples of approximately 2 to 3 L (de-
pending on flow) were taken from the effluent water collected from the
outlets of the sand filters, package plants and P-filters over a period of
1.5–2 h approximately.

Total suspended solids (TSS, not measured on all occasions) and pH
were measured on-site. The pH was measured using a WTW pH330 pH
meter with a WTW SenTix41 pH electrode. TSS was determined fol-
lowing the European standard EN 872:2005 [26]. The samples for de-
termining total and dissolved P (dis-P), total and dissolved organic
carbon (TOC, DOC) and biological oxygen demand (BOD7) were frozen
and stored for later analysis in the laboratory. Samples for DOC and dis-
P analyses were filtered through 0.45 μm filters before freezing.

BOD7 was analysed according to the European standard method
CSN EN 1899-1 (modified) [27]. Phosphorus was analysed with a
Quattro spectrometer and the device-specific method number A-031-
04, according to European standards (ammonium molybdate method)
with digestion (persulfate oxidation, SS-EN 1189 performance 6.4)
[28]. IR detection (based on CSN EN 1484, CSN EN 16192, and SM
5310) was used to analyse TOC and DOC [29,30].

The overall reduction of tot-P in the 12 treatment facilities was
calculated based on P concentrations measured in the last chamber of
the septic tank and the effluent from the final treatment step (sand filter
or P-filter); hence, the estimated P reduction of the system did not in-
clude treatment in the septic tank.

2.3. Tracer tests

In three P-filters (H, J, K) the hydraulic residence time was esti-
mated with tracer tests by using an optical monitoring sonde (YSI
600OMS V2) with a rhodamine probe (YSI 6130). A rhodamine water
tracing (WT) solution with a 70 μg L−1 concentration made from 20%
rhodamine WT concentrate was used. Estimations of the required vo-
lume of tracer solution were based on the volume (0.7m3) and density
(730 kg/m3) of the filter media in the P-filter bag. The 0.5 L of the
rhodamine WT solution was added to the inlet pipe of the P-filters, and
the rhodamine WT concentration was then measured in the filter ef-
fluent. The sonde was left in unattended mode collecting data (con-
centration of rhodamine WT measured by the optical sensor) over one
(J), two (K) and six (H) days in December 2016. The rhodamine WT
concentration was measured every two minutes (J, K) and five minutes
(H). The data was processed based on time of the first arrival.

2.4. Statistical analysis

The concentrations of tot-P, dis-P, TOC and DOC as well as the pH,
were weighted for the water flow. The flow-proportional arithmetic
means (x *) and standard deviations (s) were calculated according to Eq.
(1) and (2), respectively.
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Where:
x * = flow-proportional arithmetic mean
n= number of observations
xi=measured concentration
wi= volume of wastewater making up the composite sample
s= flow-proportional standard deviation
It was assumed that the influent flow rate to the filter was the same

as the measured effluent flow rate and vice versa when the influent flow
rate was the one measured instead.

The software Minitab® [31] was used for the statistical analyses.
Spearmańs rank-order correlation was used to analyse the nonpara-
metric data (normality test Anderson-Darling applied).

3. Results and discussion

Fig. 1 shows the average concentrations of tot-P measured in the
effluent from the septic tanks, sand filters, package plants and P-filters
in the studied facilities (A–L). The concentrations of tot-P in the septic
tank effluent varied greatly among the study facilities, ranging between
6 and 29mg L−1 (Fig. 1), possibly as a result of the different water
consumption patterns and contribution by different sources of P in each
household such as human waste and the extent of synthetic detergent
use. Concentrations ranging between 1.2 and 21.8 mg L−1 are normally
found in septic tank effluents as reported in a U.S. study [32] modelling
the fate and transport of nutrients from on-site wastewater systems.

3.1. Phosphorus reduction in the sand filters

Four (B, F, G and H) of the eight investigated sand filters (A–H) had
effluent concentrations for tot-P higher than 7.5mg L−1 (Fig. 1),

Fig. 1. Average concentrations of tot-P measured in
the effluent from the septic tanks (grab samples), and
flow-proportional average concentrations of tot-P
measured in the effluents from the sand filters,
package plants and P-filters in the studied facilities
(A–L). Standard deviations are shown as error bars; for
facility H the standard deviation (not shown in graph)
was 42mg L −1. The red stars indicate the facilities
where dilution was suspected to occur (A, C, E).
n= number of samples.
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exceeding the Swedish recommended value for common receiving
waters (3 mg L−1) and making downstream P-treatment advisable. The
highest average concentration of tot-P in the effluent from the sand
filter–in facility F–was almost 15mg L−1 (Fig. 1).

The highest tot-P reduction was observed in sand filters D and H,
showing a 62 and 70% reduction, respectively (Fig. 2), which is ac-
ceptable according to current Swedish guidelines (although both sand
filters were quite different with respect to the influent P load). The tot-P
concentration in the effluent from sand filter D was 1.8mg L−1, which
is below the recommended value of 3mg L−1, whereas in sand filter H
the effluent concentration was still high (10.6 mg L−1) despite the good
P reduction capacity of the sand filter. This was caused by the very high
initial concentration of tot-P in the septic tank effluent (29.3mg L−1).
Thus, good tot-P reduction in a sand filter does not necessarily translate
into an acceptable tot-P concentration in the effluent.

Low P reduction was observed for three sand filters (B, F and G). In
sand filter B (which had been in operation for three years) the measured
water flow through the filter was low (3.2 L h−1), with a high sus-
pended solids content at the outlet (TSS=17mg L−1), high bacterial
concentrations [25], dark colour and strong odour, indicating that this
filter was clogged. The main reasons causing clogging are high con-
centrations of extracellular bacterial slimes in the sand pores, accu-
mulation of suspended solids or precipitation and deposition of com-
pounds such as calcium carbonate [13,33]. Moreover, clogging can
persist and increase when ponding of waster occurs between the bat-
ches [34]. Neither the clogging characteristics nor any obvious mal-
function were observed in sand filters F and G (five and three years in
operation, respectively). Their inefficiency could be explained by the
chemical composition of the sand used. Gill et al. [35] discussed the
clear relationship between P removal in subsoils and soil mineralogy
after studying on-site wastewater effluent discharge in six sites in Ire-
land. At pH>6, as observed in the influent and effluent of the sand
filters F and G in this study, the P-removal capacity of the sand is
dominated by a combination of physical adsorption to iron (Fe) and
aluminium (Al) oxides and precipitation of P as sparingly soluble cal-
cium phosphates [11,35]. According to Eveborn et al. [36], mechan-
isms for P removal in sand filters were explained by the strong relation
between oxalate extractable P and Al. Hence a lack of Al (or Fe) com-
pounds in the sand filters F and G could have hampered the adsorption
and mineral precipitation of P. The distribution of wastewater in the
filter surface could also affect the P removal, as uneven distribution has
been shown to promote preferential flows and decrease the potential to
remove P in sand filters [37,38].

At least three (A, C, E) of the eight investigated sand filters had
likely dilution problems, i.e. extraneous soil/ground/rainwater

infiltrating into the filter bed and diluting the wastewater. Dilution was
suspected to occur based on field observations, such as high measured
water flow through the sand filters, even when the users were not at
home and when the pump transporting wastewater from the septic tank
was not operating during collection, as well as very clear effluent water.
In these facilities, the low P concentration could therefore be explained
by the dilution of the phosphorus concentration and not the filters’
efficiency. For this reason, correct installation and supervision of sand
filters are crucial and highly recommended to ensure that the filter
material is properly sealed and there is no infiltration/exfiltration be-
tween the treatment facility and the surrounding environment.

P reduction occurring in the septic tank was not investigated in this
study, but this reduction has been estimated to be 15 ± 10% of the
incoming quantity [5]. Assuming this percentage of reduction in the
septic tank, facilities B, F and G, whose sand filters showed low P re-
duction, would be estimated to reach only 33–39% tot-P reduction,
which is still below the recommended reduction of 70% suggested by
the Swedish guidelines. The low P reduction capacity of sand filters had
already been shown in previous studies; e.g. Eveborn et al. [36] re-
ported 8–16% P removal in four sand filters by using a mass balance
approach, while Vilpas and Santala [20] reported low performance
from two conventional sand filters, with tot-P concentrations in the
effluent exceeding the Finnish regulation of 3mg L−1. A similar trend
was shown by Wilson [39] who investigated the long-term effects of
filter length and wastewater loading on performance of eight sand fil-
ters in Canada. In the mentioned study, the P removal decreased with
time as adsorption sites in the sand filters became exhausted. The es-
timated removal of tot-P in sand filters in Sweden, including reduction
in septic tank, is 50 ± 30% [5], which is a wide range that reflects the
expected large variations in removal efficiency. Sizeable variation in
sand filter performance and their general low P reduction was corro-
borated in this study.

The four package plants (I–L) reduced P to a lesser extent than the
sand filters. The influent tot-P concentrations ranged between 7.5 and
11.6 mg L −1 of tot-P (Fig. 1), and the highest reduction rate in the
package plants was only about 11% (facility K) (Fig. 2). In contrast to
the sand filters, these units have not been designed as stand-alone
treatment systems but as a pre-treatment step before the P-filter units to
reduce organic matter. Hence residence time is short and P treatment
capacity is low.

3.2. Phosphorus reduction in the P-filters

Six out of the nine investigated P-filters generally reduced P sa-
tisfactorily and covered for a considerable amount of tot-P removed in

Fig. 2. Reduction of tot-P and relative contribution of each treatment unit to the overall reduction of tot-P for the investigated wastewater treatment facilities A–L. The red stars indicate
the facilities where dilution was suspected to occur (A, C and E).
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the treatment facility. The effluent P concentrations of the P-filters that
functioned well ranged between 0.15 and 1.9mg L−1 (Fig. 1), and the
relative contribution to P reduction ranged between 26 and 91%
(Fig. 2). Five of the studied P-filters (D–H) had sand filters upstream,
while four (I–L) were contained within package plants whose biological
treatment unit is not designed to remove P.

Eight out of nine P-filters reduced between 43 and 99% of the tot-P
of the influent to the P-filter, but one P-filter (E) reduced only 8% of P
(calculated using influent and effluent concentrations shown in
Table 3). Most of the P measured in the influent water to the P-filters
was in the dissolved phase (dis-P): 93% on average (Table 3). However,
the share of dis-P in the effluent was smaller than in the influent (55%
on average), which could indicate that some of the dis-P precipitated as
bound particles within the filter but to some extent was washed out
with the water, possibly because of the small size of the particles, thus
escaping from the filter material, as studied by Herrmann et al. [9].

The investigated P-filters that worked well and had tot-P effluent
concentrations below 3mg L−1–namely D, F, G, H, I and L–had varied
influent tot-P concentrations. For example, P-filter D had already low
concentrations of tot-P in the influent (1.8 mg L−1), while the rest had
much higher influent concentrations, ranging from 7.5 to 14.8mg L−1

(Table 3). This suggests that the filter is able to function adequately and
remove most of the tot-P regardless of influent concentration within
this range (14.8–1.8mg L−1).

Three P-filters (E, J and K) did not remove P satisfactorily; J and K
had the highest average effluent concentration of tot-P, 3.04 and
4.4 mg L−1, respectively. P-filter E was possibly saturated with respect
to P and, because of its construction, some of the influent water by-
passed it without passing through the filter material. The pH in the
effluent was very low (around 6), and almost no P was reduced. P-filter
E was the oldest P-filter in the study (built in 2009) and was more than
six years old by the time the samples were taken. The filter medium
used was Filtra P, in contrast to all the other investigated P-filters,
which contained the filter medium Polonite. Both filter media have
been reported to have significant potential for P removal, although

Filtra P has been shown (in column experiments) to be prone to clog-
ging due to structural degradation of the material, which in practice
translates into a shorter service life [40].

The two other P-filters with low P reduction (J, K) were highly
loaded (J= 79.4 Lm−2 h−1; K= 58.5 Lm−2 h−1) because of the
number of users they provided service to as compared to the rest of the
facilities. The pH in the effluents of both filters was below 9, although
the filters had been installed only around two weeks before sampling
started. The low pH could be explained by the washing out of calcium
from the filter caused by the high hydraulic load, as previously studied
by Herrmann et al. [9]. Furthermore, the high hydraulic load corre-
sponds to short residence time, so that there was probably not sufficient
time for the calcium phosphates to precipitate. Another possible ex-
planation would be differences in the pore distribution and the for-
mation of preference channels, which can also affect the sorption effi-
ciency of P-filters, as discussed in [41]. The organic matter
concentrations in the influent to the P-filters in facilities J and K were in
the same range as for most of the other P-filters with high P reduction
rates (Table 3), ruling out high organic matter influent concentrations
as a reason for the low P reduction in facilities J and K.

3.2.1. pH dependency of phosphorus reduction in the P-filters
The effluent pH of the P-filters ranged between 6.0 and 12.1

(Table 3). The P-filter with the highest tot-P reduction (F) was also the
one with the highest effluent pH (12.1) (Fig. 3). Significant correlation
was found between the P reduction in the P-filters and the pH measured
in their effluents (Spearman rank correlation coefficient= 0.833,
p= .005). Higher pH values favour the precipitation of calcium phos-
phate [42], which is the filters’ main retention mechanism [40].

In previous column studies, [12] found a positive correlation and a
strong relationship between the P removal in Polonite filters and pH.
Nilsson et al. [43] reported the same positive correlation, but only
when the P-filters were loaded with high BOD concentrations
(120 ± 11mg L−1). In the same study, no significant correlation was
found between the P removal and pH when the Polonite filters were

Table 3
Concentrations of pH, tot-P and dis-P measured in the influent and effluent of the P-filters and concentrations of BOD and TOC measured in the influent of the P-filters (flow-proportional
average concentrations).

Facility Influent P-filterx Effluent P-filter

pH BOD7 (mg L−1) TOC (mg L−1) Tot-P (mg L−1) Dis-P (mg L−1) pH Tot-P (mg L−1) Dis-P (mg L−1)

D 6.2 1.9 8.2 1.8 1.7 9.4 0.2 0.2
E 4.5 < 1.0–2.4 13.2 1.6 0.8 6.0 1.5 0.8
F 7.4 2.1 19.8 14.8 14.8 12.1 0.17 0.07
G 7.2 2.6 12.0 7.5 6.7 10.5 1.9 0.2
H 6.8 2.9 20.1 10.6 11.7 9.9 0.1 0.03
I 7.2 31.4 39.8 10.1 9.9 9.6 0.9 0.3
J 7.3 18.8 25.3 7.8 7.3 8.6 4.4 3.3
K 7.5 16.0 22.0 7.5 7.4 8.8 3.04 2.7
L 8.0 17.0 29.3 11.6 11.5 9.7 0.9 0.6

Fig. 3. Relationship between the reduction of tot-P in the P-filters and pH measured in the effluent of the nine P-filters studied (D–L).
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loaded with low BOD concentrations (20 ± 5mg L−1), which is in the
range of the corresponding data in the present study (Table 3). How-
ever, the positive correlation between pH and P removal in P-filters
with influent BOD concentrations ranging from 1.9 to 31.4mg L−1 was
confirmed in this study.

The P-filters with an effluent pH of 9.4 or higher had 75% or more
tot-P reduction (Fig. 3). However, pH is not the only factor affecting the
P reduction in the P-filter, and several facilities showed different rates
of P reduction despite similar pHs. For example, in P-filters J and K,
with similar pH values of 8.6 and 8.8, respectively, residence times
were estimated to be considerably different (Fig. 4), and their P-re-
ductions differed by approx. 16 percentage points. This indicates that
the residence time of the wastewater in the P-filter is an important
factor governing P removal. An earlier comparative study of various
filter materials by Cucarella and Renman [44] concluded that low ef-
fluent pH values indicated low P sorption, but higher pH values did not
necessarily imply greater P sorption. These findings are in line with the
results of the present study when comparing the performance of the P-
filter in facility G with the other facilities with effluent pH>9: e.g.
facility G had higher effluent pH than facilities (D, L, I and H), but lower
P reduction (Fig. 3).

3.2.2. Effect of organic load on phosphorus reduction in the P-filters
The TOC concentrations in the influent to the P-filters were rather

low, ranging between 8 and 40mg L−1 TOC (Table 3). No significant
correlation was found between P reduction in the P-filters and the TOC
in the influent to the filters (Spearman rank correlation coeffi-
cient= 0.150, p= .700). Previous studies on the effect of organic
matter content in wastewater on P removal in P-filters have shown that
higher P removal is achieved when extensive pre-treatment of the
wastewater occurs [12,43]. A study with batch experiments [42] found
that humic substances negatively affected phosphate removal efficiency
when the pH of the solution was 8 but had almost no effect when the

solution had a pH of ≥9. The inhibitory effect of the humic substances
on phosphate precipitation was explained by the combination of cal-
cium and humic substances and by the blocking of active growth sites
on newly nucleated precipitates of calcium phosphate. Similarly, the
lack of correlation between P reduction and influent TOC in the present
study could be explained by the fact that effluent pH from only one
facility (E) was low (6.0) (Table 3), while effluent pH for the other eight
facilities ranged between 8.6 and 12.1. Hence, for the statistical ana-
lysis, the inhibitory effect of organic matter on P precipitation might
have been small because most of the facilities had a high pH.

In column experiments, [43] reported a significant positive corre-
lation between TOC removal in Polonite filters and pH concentration in
the effluent, for low concentrations of BOD (20 ± 5mg L−1). However,
this was not confirmed in the present study, which found no significant
correlation (Spearman rank correlation coefficient= 0.133; p= .732)
when comparing effluent pH and TOC reduction in the P-filter.

3.2.3. Estimating hydraulic residence time in the P-filters
Tracer tests were carried out to estimate the arrival times of the

influent water in three P-filters (H, J and K). In P-filter H, the rhoda-
mine WT was detected in the effluent after approximately 5.5 days
(Fig. 4). In P-filters J and K, the rhodamine WT was detected in the
effluent after 1.5 h and 4.5 h, respectively (Fig. 4).

The water flow was not measured during the tests, but average flows
from previous sampling campaigns were 5.3, 39.9 and 29.4 L h−1 in P-
filter H, J and K, respectively. In P-filters H and K, the end transit pulse
of the rhodamine was not reached, hence no estimations of the flow rate
were made. However, the end transit pulse of the rhodamine was
reached in P-filter J. The peak concentration of rhodamine was
achieved after approximately 80min, decreasing asymptotically after-
wards. The calculated average flow for this facility, based on the
measured rhodamine concentrations and assuming complete recovery
of the rhodamine WT, was 0.23 L h−1. The twofold difference between

Fig. 4. Rhodamine WT concentrations in the effluent from the P-filters in facilities H, J and K. Negative values (probably due to sensor inaccuracy) were set to zero; the blue line shows
the measured concentrations, and the black line shows the trendline (averaged for every 20 (H), 10 (J) and 20 (K) values).
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the measured flow during the sampling campaign (39.9 L h−1) and the
calculated average flow (0.23 L h−1) may be due to several reasons.
Explanations include the lack of pumping cycles during night hours, the
uncompleted mixing of rhodamine with the influent water which
would, consequently, affect the detection and/or the presence of holes
or cracks in the bag that would allow the water outflow without being
detected by the sensor. The oscillations observed in the graph for P-
filter K may show the system’s pumping cycles.

The observed time of arrival was inversely related to the previously
measured wastewater flow, although the flow measurements were
carried out during limited time periods (Table 2). Higher P reduction
occurred in the filter with the longest arrival time (H), and lower re-
duction in the filter with the shortest arrival time (K), possibly because
high loading rates have washed out more P precipitates or reactive
calcium ions, and the short residence time was insufficient to form
calcium-P precipitates.

Previous column experiments with Filtralite P® have shown that a
short residence time (15min when wastewater was used) was sufficient
for P removal in P-filters [9]. However, more time might be needed for
P that has already reacted to be retained in the filter material. The short
residence time in P-filters J and K and the higher flows may possibly
have had a negative effect on the binding capacity of the P-filters.

3.2.4. When and how often should P-filter media be changed?
According to the manufacturers of Polonite (Ecofiltration Nordic

AB), P-filters are built to maintain high P reduction during the first
2–4 years, depending on load, with decreasing reduction during the
remainder of the filteŕs life cycle. Based on data obtained and the field
observations in this study, it is difficult to determine how often the P-
filters should be changed. Both old (E, 6 years) and new P-filters (J, K,
2 weeks) showed low P reduction, but for different reasons; age and
clogging were assumed to account for the poor performance of P-filter
E, while the high hydraulic load hindered the performance of P-filters J
and K. The pH in the effluent to all these P-filters (E, J and K) was below
9, suggesting that pH is a good indicator for estimating filter perfor-
mance.

P-filters showed high reduction rates, both when the influent P
concentrations were high (e.g. facility F, 14.78mg/L) and when they
were low (e.g. facility D, 1.80mg/L), indicating that the influent P
concentration is not decisive for their functioning, at least for the
concentration range covered in this study. A review of sorption filter
materials [44] found a clear tendency for higher P sorption capacity of
the materials investigated with increasing initial P concentration.
However, the studies selected in the review [44] included a wide
variety of materials, such as blast furnace slag, fly ash, Filtralite P® and
Shell sand, and the initial P concentrations ranged from normal values
of 0–30mg P L−1 to very elevated concentrations of 10,000mg P L−1.

Pratt et al. [45] argued that the complex relation between the P-
filters lifespan and the hydraulic retention time (HRT) makes it difficult
to estimate the filters lifespan, as flow dynamics, weathering reactions
and removal mechanisms must be taken into account. Continuous-flow
conditions are needed to predict the long-term performance and life-
span of the P-filters, conditions that are often not met in full-scale
systems.

4. Conclusions

This study evaluated the reduction of P in 12 full-scale on-site
wastewater facilities with two general types of filters used individually
and in-combination–sand filters and P-filters–and compared the effluent
concentrations of tot-P to current Swedish guidelines.

Only one sand filter (D) of four was confirmed to remove P sa-
tisfactorily (effluent concentration below 3mg P L−1). The inefficiency
of the four sand filters that did not function adequately (discharged
more than 3mg P L−1) indicates that a downstream treatment step is
needed. The remaining three sand filters were suspected to have

dilution problems. This means that correct installation and proper
sealing of the filter must be ensured to prevent mixing wastewater with
other water sources in order to achieve adequate P reduction within the
treatment unit.

Six out of nine of the investigated P-filters generally removed P well
(75–99% P reduction) and accounted for a considerable amount of tot-P
reduced in the treatment facilities, with the exception of one filter that
was old and clogged, and two other filters that had to cope with high
hydraulic loads.

The analysis found a significant positive correlation between P re-
duction in the P-filters and pH measured in the effluent, indicating that
pH could be used as an indicator of P-filter efficiency. In the three P-
filters that worked insufficiently, with effluent concentrations higher
than 3mg P L−1 (J, K) or 0.7% tot-P reduction (E), when pH was 8.8 or
less.

No significant correlation was found between the reduction of P in
the P-filters and the TOC measured in the influent to the filters. It may
be that the low incoming TOC concentrations and the high pH found in
the majority of the P-filters prevented this effect from reaching quan-
tifiable levels. With the low incoming TOC, the inhibitory effect of or-
ganic matter on P precipitation was probably small.

It was difficult to determine how often the filter media in P-filters
should be changed, possibly due to the variation in the data in this
study and because the filters included in it were rather new (except for
P-filter E). With proper installation, the P-filters in the study that
handled a moderate load, had a pH above 9.4 and not too many years of
use (2–4 years as suggested by manufacturers) functioned well and re-
duced the incoming concentration of tot-P to below 1.9 mg P L−1.
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