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Abstract: A toolbox of methods must be available for the remediation of lakes and water bodies
suffering from eutrophication. One method suggested is hypolimnetic withdrawal based on a closed-
circuit system. Prior to the start of a pilot-scale test at Lake Hönsan, Sweden, a laboratory trial
with containers filled with water and bottom sediment from this lake was performed. A peristaltic
pump distributed equal bottom water volume to four columns, two filled with glass beads and
two with the filter material Polonite, and then back to the surface of the containers. The reactive
filter medium (RFM) removed phosphate (PO4-P) efficiently (98.6%), despite the relatively low
influent concentration (390 µg L−1). The control column filled with glass beads, removed 2.9% of the
PO4-P. The anoxic sediment, containing 2.47 mg P g−1, released PO4-P, which was indicated by the
increased concentration in near-bottom water. The redirected water after RFM filtration had high
pH (x = 11.1); however, an equalization took place in the water mass to a lower but still increased
pH value (x = 8.7) compared to the control (x = 7.02). This article reports the pros and cons of a
full-scale system using the proposed method.

Keywords: eutrophication; lake remediation; hypolimnion; phosphorus capture

1. Introduction

Despite large and costly measures to counteract the effects of lake eutrophication,
many of the water bodies in Europe still have poor ecological status. Algal blooms occur
regularly or cause problems if the lake is used for, e.g., recreation and as a drinking
water supply [1,2]. Among the toolbox of measures to counteract water degradation is
in situ treatment of the internal phosphorus (P) load by injection of aluminum chloride
or lanthanum-modified bentonite into the sediments [3–5]. Nature-based solutions with
multiple in-lake techniques can also be applied to suppress eutrophication [6]. A method
that addresses the possibility of saving the P resource and applying cycling of P and
circular economy is hypolimnetic withdrawal (HW) of water from lakes integrated with
reactive media filtration [7–9]. Silvonen et al. [10] discussed a solution where withdrawn
water would flow through a P-capturing purification unit and subsequently return into
the same water body. This method involved, in its original version, withdrawing of the
lake’s hypolimnetic water directly through a pipeline and discharging into a downstream
water body [8,11]. HW has several risks, such as the impact on the lake´s water budget and
impact on downstream waters, including eutrophication, temperature increase, oxygen
depletion, and odor development [12]. The applied solutions also call for an integrated
approach to eutrophication management [13]. Many Swedish municipalities are working
on action plans to improve the water status of lakes, water courses, and coastal bays in
accordance with the EU Water Framework Directive [14]. The control of P inputs from
catchments can be a successful tool for the recovery of many lakes; however, stored P in the
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bottom sediment promotes internal loading, which can prevent lakes from being free of
algal blooms. Motivated by this fact, and that P is historically buried in lake sediments and
occurs in high concentrations in hypolimnion in stratified lakes, we developed an original
HW method of pumping P-enriched water using recirculating water through reactive filter
media (RFM). The recirculating principle, also called closed circuit [10], implies that the
hypolimnetic water is discharged back to the same water body. The advantage is that
the lake water volume will be unaffected, while disadvantages can possibly be found
in changes of the biogeochemical conditions in the lake. Upon P saturation, after large
volumes of water are filtrated, the RFM can be recycled directly to agriculture as fertilizer
or soil amendment, e.g., as reported in [15]. This also shows advantages of the method
from a sustainability viewpoint. The application of RFM in full-scale systems to trap
P as well as the use of P-saturated media in agriculture is proven in research, e.g., [16].
Many granulated filter media have been suggested to be used for P removal in wastewater
treatment [17]; however, only a few have achieved high Technology Readiness Level (TRL)
and have become products on the market [18]. In stratified lakes with spring and autumn
circulation, oxygen deficit can occur in the deeper parts during summer and winter. In
this case, historically, P of anthropogenic origin has been stored in the sediments, and
P leakage to the water column occurs annually during these two periods, particularly if
anoxic conditions prevail [12]. Total P concentrations from 125 to 2500 µg L−1 are observed
in hypolimnetic water [12]. It should be possible to reduce these P concentrations to a
threshold value below 50 µg L−1 [19] by filtration in high-performance RFM. However,
there have been few investigations performed where different P-sorbing materials were
tested on total P removal at the comparatively low concentrations present in hypolimnetic
water. Hussain et al. [7] used field columns filled with basic oxygen furnace slag to
remove P from hypolimnetic water with a concentration of 0.25 to 0.49 mg L−1. Water
filtration during two successive summers showed continuous and very high PO4-P removal
efficiency, varying from 96.1 to 99.9%. The disadvantages that emerged from the experiment
were high pH (11.96) of filter effluent and release of vanadium and aluminum from the
virgin filter material. Łożyńska et al. [8,9] used Leca® and crushed limestone, having a
grain size of 10–30 mm, in a column experiment fed by hypolimnetic water with a PO4-P
concentration of 0.41 to 0.46 mg L−1. The duration of their experiment was less than 8 h.
Best performance showed a mixture of Leca and limestone (>50%), and pH of the effluent
water was not higher than 7.6.

The objective of this study was to investigate the P removal efficacy of the reactive
filter material Polonite® when used in the treatment of hypolimnetic water in a closed-
circuit system. The material’s chemical composition is shown in Table 1. Furthermore,
pH changes in the recirculating water caused by the alkaline filter material were studied
to assess the risk for biogeochemical effects in a full-scale lake application. Polonite was
selected among available commercial brands manufactured for use in water and wastewater
treatment. Extensive research and tests in field and laboratory environments have been
performed with Polonite, mainly involving domestic wastewater treatment [20–22]. We
present here results of a laboratory pre-study, undertaken prior to a scaling-up, semi-scale
field experiment at Lake Hönsan, Sweden, which started in December 2021.

Table 1. Chemical and physical parameters of the Polonite filter material used in the experiment.

Chemical */Physical Parameter Value

Quartz, SiO2 (%) 50.5 ± 4.1 **
Calcium oxide, CaO (%) 40.1 ± 3.6
Aluminium oxide, Al2O3 (%) 4.2 ± 1.8
Ferric oxide, Fe2O3 (%) 2.6 ± 1.3
Wollastonite (CaSiO3) (%) 2.1 ± 0.7
pH *** 12.3 ± 0.1
Particle size (mm) 1–4
Density (g cm−3) 0.81 ± 0.03

* The chemical data were obtained through XRD analysis by ALS Scandinavia AB. ** Including tridymite, silica of
biogenic origin. *** Determined by immersing material in distilled water at a volume ratio of 1:2.5 for 24 h.
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2. Materials and Methods
2.1. Experimental Set-Up

A bench-scale column experiment was constructed, consisting of four transparent
pipes having the length and the inner diameter of 270 mm and 20 mm, respectively
(Figure 1). Two columns were filled with Polonite® reactive filter medium (particle size
1–4 mm), and two with glass beads (diameter 2–3 mm). The two sizes of beads were mixed
to obtain identical pore volume (PV = 70 mL) to the Polonite. The total bed volume (BV)
for each material and two series-connected columns was 158 cm3. Two plastic containers
were employed and filled with 11 L of sediment and 31 L of near-bottom water from lake
Hönsan. Tygon® tubing was used to pump container bottom water via an Ecoline ISM
(model VC-MS/CA 8-6. Cole-Parmer GmbH, Wertheim, Germany) multichannel peristaltic
pump to the columns and back to the containers’ water surface (Figure 1). The saturated
flow rate was 0.67 mL min−1, resulting in a filter hydraulic retention time (HRT) of 40 min
for both media. A lid prevented air from circulating into the containers, and nitrogen, N2 (g)
was bubbled into the bottom water once per week to keep the dissolved oxygen (DO) below
1 mg L−1, i.e., hypoxic conditions. The Polonite filter material, with a standard particle size
of 2−6 mm, was received from the manufacturer (Polonite Nordic AB, Sweden/Poland).
The name of the product was for the first time registered in 1999, and its mineralogical
background and P sorption characteristics were described by Brogowski and Renman in
2004 [23]. Polonite is produced from opoka, a porous sedimentary calcium-silicate bedrock
from the late cretaceous period, by crushing, thermal treatment, and other procedures to
obtain desired filter properties. The material was sieved to a particle size that was suitable
for the size of the column selected in the experiment. The characterization of the material
is shown in Table 1. The glass beads are made of transparent, solid borosilicate glass
(Avantor™).
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Figure 1. Schematic presentation (not to scale) of the experimental set-up. Hypolimnetic water was
pumped (C) from container (A) to two series-connected columns (D) filled with Polonite and back
to the water surface. An identical procedure was performed with container B, but the water was
pumped (C) through columns filled with glass beads (E). Openings in the lid (J,K) were used for
sampling of water, in situ measurements of physical parameters, and supply of N2. (F–I) indicate
ports for sampling column influent water and column effluent water, respectively. The water in the
containers was measured randomly at three depths: 5 cm below water surface, 15 cm below, and at
23 cm depth, just above the sediment surface. The 10 cm thick layer of sediment is marked in black.

The containers were placed in shallow plastic barrels with circulating cold (6–8 ◦C)
tap water so that 20 cm of the lower part of the containers was cooled (not shown in
Figure 1). Daylight was prevented from entering the containers by covering them with
black plastic. No growth of algae was observed in the containers, which usually is seen as
growth on the inside. Sampling of water from the containers took place 12 times, with a
periodicity of about 3–4 days. Only small water volumes were needed (aggregate samples
from three depths, total 25 mL) for PO4-P analysis. Each time water was withdrawn from
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the containers or from the four sampling ports, it was replaced with the same volume of
lake water from Hönsan. The water was stored in a refrigerator at a temperature of 6 ◦C
and was added to the bottom of the containers.

2.2. Collection of Water and Sediment from Lake Hönsan

Water and sediment were collected in the dimictic Lake Hönsan, situated in the city of
Hedemora (60◦36′12” N, 15◦37′33” E), Sweden. The samples were taken in February 2020
from the ice-covered lake. The lake (area 0.88 km2) is mainly fed by groundwater at an
average inflow rate of 1.8 L s−1. The lake water is characterized by high concentrations of
P in the hypolimnion, and algal blooms have occurred during the past years (data from
Hedemora Municipality, pers. comm.). There are two deep areas (11 and 12 m) where
anoxic/hypoxic conditions occur during the summer and winter stratified periods. Water
was pumped from 10.8 m depth and filled into four 25 L containers. Sediment was taken
from 11 m depth with means of an Ekman dredge sampler and immediately stored in
air-tight containers. The sampling was performed in spring just before the ice melted. The
DO concentration, water temperature, electrical conductivity (EC), and pH was at the time
of sampling 0.15 mg L−1, 4.1 ◦C, 350 µS cm−1, and 6.39, respectively. The total-P and
PO4-P concentrations of withdrawn bottom water were 620 and 410 µg L−1, respectively.
At the start of the experiment, EC, pH, total-P, and PO4-P concentrations in both containers
had average values of 374 ± 3 µS cm−1, 6.81 ±0.2, 730 ± 0.5 µg L−1, and 390 ± 0.8 µL−1,
respectively. DO was adjusted in the starting volume of container water by bubbling N2,
from approximately 1.2 to 0.3 mg L−1.

2.3. Analyses and P Removal Calculation

The water physical conditions (pH, DO, EC, and temperature) were measured in
the field and laboratory with a portable Hach HQ40D multimeter (Hach Lange GmbH,
Düsseldorf, Germany) with selective probes/sensors for each parameter. The mineralogical
composition of Polonite was measured by means of XRD by accredited laboratory ALS
Scandinavia AB. The P content in sediment from Lake Hönsan was determined with a
portable Thermo Scientific Niton XL3 XRF instrument (Thermo Fisher Scientific Waltham,
MA USA). XRF was also used to identify white precipitate at the sediment surface of the
container recirculating water through the Polonite filter. The PO4-P concentrations in the
water samples were colorimetrically determined using a Seal AA3 Autoanalyzer ((SEAL
Analytical GmbH, Norderstedt, Germany).

The PO4-P removal capacity by the column materials, i.e., the retention of PO4-P, was
calculated according to the following equation:

Rs =

(
1− Ce

Ci

)
100 (1)

where Ce is the average effluent concentration in the containers and Ci is the average
influent concentration from the bottom-layer water in the containers.

3. Results and Discussion

This bench-scale experiment lasted only 32 days; however, the results indicate promis-
ing possibilities for using hypolimnetic water recirculation combined with filtration in
reactive filter media (HWRFM) as a P-trap (Figure 1). The study was limited to investigat-
ing if the selected calcium-silicate based filter material could reduce comparatively low P
concentrations in lake water to threshold values, which trigger eutrophication. We focused
solely on dissolved reactive phosphate (as PO4-P), as this species has a direct impact on
algal growth. The removal of particulate bound P is usually very efficient in RFM, and for
the experiment we performed in this study, we found that PO4-P constituted 91% of total
P in the filter effluent (n = 3). The mechanisms behind P sorption by Polonite have been
studied previously, e.g., [24–26], and were not investigated in detail in the present paper.
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3.1. Phosfate Removal in the Columns and Changes in PO4-P Concentration in the Containers

The development in removal efficacy in relation to amount of purified BV is presented
in Table 2. The average removal of PO4-P by Polonite and the glass beads was 98.6 and
2.9%, respectively. Polonite removed 100% of PO4-P up to 113 BV and then slowly began
to decrease in efficiency, showing 92% removal at 240 BV treated by the filter. The glass
bead columns also showed desorption of PO4-P during a short period (BV 22.5−45, −1.5 to
−2.2%). The PO4-P concentration in the container (A) fed by water from Polonite columns
was successively reduced to a low average value in the surface and middle water layers
of 45.3 µg L−1 (Figure 2). The conditions in the container fed by water from glass bead
columns (B) did not change much during the pumping, and the corresponding average
PO4-P concentration was 361.5 µg L−1 at the end of the experiment. The release of PO4-P
from the bottom sediment was almost the same throughout the study period, which was
assessed from the concentrations in influent to the glass bead columns (Table 2). The
Lake Hönsan sediment was found to have an organic matter content (LOI) of 29 ± 1%
and a concentration of 2.468 ± 0.092 mg P g−1 DW, which shows its potential to support
eutrophication. The role of sediment P release and seasonality have to be considered when
full-scale HWRFM projects are planned, according to studies by Silvonen et al. [10].

Table 2. Phosphate concentration and removal in hypolimnetic water before (influent) and after
(effluent) treatment in Polonite and glass bead columns. Average and standard deviation values are
given for the consecutive bed volumes treated. * Calculated as zero removal.

Bed Volume

Polonite C.
Influent
(µg L−1)

Polonite C.
Effluent
(µg L−1)

Glass bead C.
Influent
(µg L−1)

Glass bead C.
Effluent
(µg L−1)

Removal (%)

Polonite Glass Bead

7.5 380.16 0 390.10 380.50 100 2.5
22.5 383.25 0 399.35 405.31 100 −1.5 *
45 381.30 0 403.13 411.86 100 −2.2 *
70 373.19 0 392.52 360.35 100 8.2

90.5 388.55 0 402.35 389.11 100 3.3
113 387.32 0 406.11 392.31 100 3.4

135.5 389.01 0.40 401.52 386.52 99.9 3.7
165.5 390.25 0.74 409.33 391.52 99.8 4.4
188 375.52 4.39 412.10 400.22 98.8 2.9

210.5 320.25 7.36 399.32 391.15 97.7 2.1
233 280.19 14.13 401.67 392.35 95 2.3
240 255.16 20.52 395.29 387.57 92 2

Average 358.68 3.96 401.07 390.73 98.60 2.9
St. dev. 48.53 6.99 5.69 13.03 2.65 2.79

The columns filled with glass beads served as a reference to those filled with Polonite.
Glass beads are not classified as reactive, as chemical bonds of P to their borosilicate
surfaces are not expected. However, they can act as mechanical filters and biofilm carriers,
removing particulate matter and forming surfaces for bacteria, which can remove P at least
temporarily [27,28].

Many other RFM can be used or developed for the purpose of eradicating algal
blooms, predominantly blue-green algae, in water bodies. Reducing P is the best solution,
but it is not always obvious which method should be used to obtain the best long-term
effect [29]. The experiment presented in this paper used containers that imitated a piece
of the hypolimnion in Lake Hönsan. When the experiment ended, the Polonite column
effluent had a PO4-P concentration of 20.5 µg L−1, and the average concentration for the
total treated volume of water was 3.96 µg L−1. The concentration in surface water of Lake
Hönsan (0.5 m depth) is usually below 10 µg L−1 (B. Jonsson, pers. comm.). A certain
PO4-P concentration may be a threshold value for an HWRFM system if the reactive filter
effluent is redirected to the surface of a water body. The drop in P removal capacity with
time is always observed in RFM [20,30], and if the effluent P concentration rises above a
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set value, a different strategy must be applied. Moreover, nitrogen species occurring in
elevated concentrations in hypolimnetic water should not be redirected to the surface water.
We therefore suggest pumping hypolimnetic water purified by RFM back to the upper level
of the hypolimnion. This solution should work according to the principle demonstrated
in our short-term experiment. The filter system in this study was continuously operated.
A strategy with intermittent loading or using batch mode [31] could favor the P-sorption
capacity of the filter medium and prolong its service life, i.e., the time when it is P-saturated
and has to be replaced by virgin material.
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Figure 2. Development of PO4-P concentration and pH (presented as averages of a measurement in
each of three water layers) in containers filled with hypolimnetic water and sediment. Water from
container A circulated through filter with Polonite while container B water flowed through columns
with glass beads.

3.2. Changes in Physio-Chemical Conditions of the Water during Pumping

The chemical and physical conditions of hypolimnetic water in the container connected
to circulation via Polonite columns (marked A in Figure 1) changed during the experiment.
The measurements with probes at the bottom were done from the water layer 2 cm above
the inlet tube to the filter. It was important to not disturb the sediment surface and cause
turbidity in the water. The pH in the bottom layer of the container fed by Polonite-treated
water was slightly higher than in the surface, which could have been an effect of N2
addition or the white precipitate of CaCO3 that was observed on the sediment surface
(verified by XRF). The release of calcium (Ca2+) from Polonite is documented in previous
research [26,31], and the precipitation of CaCO3 or calcium sulphate (CaSO4) is expected to
occur in the filter material due to the chemical composition of the hypolimnetic water. These
mechanisms can lead to chemical clogging, and in the worst case, hydraulic failure [32].
Dissolved and particulate organic matter can accumulate and form clogging zones in filter
material [22]. The release of Ca2+ can lead to precipitation of any new phases, depending
on the physio-chemical conditions in the lake water. Precipitates of CaCO3 forming in situ,
as observed in the present study, can on the other hand act as capping, immobilizing PO4-P
release from the sediment [33]. The effects of humic material on the precipitation of calcium
phosphates in the filter should be further studied, as many eutrophic boreal lakes have
humic substances [34]. Humic material in soils can in a similar way inhibit the formation
of thermodynamically stable calcium phosphates [35]. Humic substances in natural waters
often reduce or inhibit calcite (CaCO3) crystal growth [36]. The impact of organic matter in
hypolimnetic water on P-retaining mechanisms in RFM should be further investigated and
included as a factor for optimal design of an HWRFM system.
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The change in pH of the column effluents, i.e., the inflow water to the containers, is
shown in Figure 2. After the initial treatment of 7.5 BV, pH was very different between the
treated water in Polonite and glass bead control columns, i.e., 12.1 and 6.7, respectively.
After the total treatment of 240 BV, pH still was high in the Polonite effluent (pH 10.8) and
almost unchanged (pH 6.8) in the glass bead effluent. The alkaline filtrate from Polonite
had a great impact on the pH in container A, while no such change was observed in
the container B, fed by filtrate from the glass bead column. However, pH approached a
maximum of 9.5, despite the fact that 37.9 L of water was pumped in the closed circuit, i.e.,
6.9 L more than was filled in the containers. The intermittent bubbling of N2 into the water
did not cause the increase in pH, as revealed from the data collected in container B.

The pH seemed to slightly increase in the container water after 210.5 PV treated by
the Polonite column (Figure 2). It is known that the P release rate is a function of pH and
that PO4-P can be exchanged with OH- at high pH in the sediments [37]. Many studies
have reported on processes causing sediment P desorption, e.g., P-solubilizing bacteria,
redox, and pH conditions [38–40]. Ortuño et al. [41] investigated sediment from a deep
wastewater stabilization pond and found that the total-P release increased up to 17.4% in
anaerobic conditions and when pH was 9.1. In contrast, a sediment capping with Polonite
or Polonite mixed with activated carbon increased both water and sediment pH to 9.1 and
9.0, respectively, while significantly decreasing the PO4-P flux [33].

Thus, the release of alkaline filtrated water to a lake can have additional consequences
to merely affecting biological life [42], namely an increased P loading from the sediment to
the hypolimnion. We showed in the microcosm experiment presented here, the expected
increase in pH (Table 3), which however did not result in short-term mobilization of P.
However, the large volume of hypolimnetic water treated in a full-scale system calls for
caution and must be carefully monitored in all biogeochemical aspects. The hypolimnetic
volume of Lake Hönsan is 18,000 m3 (Unpubl. data from investigations by B. Jonsson and
Hedemora Municipality), and this volume could not be treated in RFM in the same short
time as our bench-scale experiment. Intermittent pumping (e.g., three one-hour pumping
events distributed over a day) should instead be applied to increase the P-sorption capacity
of the RFM, as previously mentioned, which could also help to dilute the alkaline filtrate in
the lake water. There is no reason to force the pumping, as this can take place over longer
periods of time, e.g., one to two years.

Table 3. The pH changes in container A (Polonite filtration) and B (glass bead filtration) during
32 days pumping of hypolimnetic water. Rounded averages of three measurements in each water
layer (surface, middle, bottom) are given as well as inflow pH values in relation to the consecutive
bed volumes treated in columns.

Bed Volume Treated and pH, Container A

Bed volume 7.5 22.5 45 70 90.5 113 135.5 165.5 188 210.5 233 240

Inflow 12.1 11.9 11.8 11.7 11.6 11.5 11.4 11.4 11.1 10.9 10.9 10.8

Surface 8.1 8.7 9.1 9.3 8.4 8.8 8.3 7.8 7.9 7.6 8.5 8.6
Middle 7.7 7.9 9.4 9.5 8.6 8.7 8.8 8.2 8.0 8.1 8.6 8.5
Bottom 7.1 9.1 9.6 9.7 9.3 9.5 9.4 8.8 9.1 9.1 9.3 8.8

Bed volume treated and pH, Container B

Bed volume 7.5 22.5 45 70 90.5 113 135.5 165.5 188 210.5 233 240

Inflow 6.7 6.9 7.0 7.2 7.2 7.1 7.3 6.9 6.8 7.1 6.7 6.8

Surface 7.1 6.8 6.9 7.3 7.0 6.9 7.2 6.8 6.7 6.9 6.7 6.7
Middle 6.9 7.3 7.2 7.1 7.3 7.1 6.9 7.0 6.9 6.8 6.8 6.6
Bottom 6.6 6.7 6.5 6.5 6.6 6.4 6.6 6.5 6.6 6.8 6.7 6.7

The DO concentrations were generally very low in both containers throughout the
study period (Table 4). The hypolimnetic water (DO = 0.15 mg L−1) was slowly filled into
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the containers at the start of the experiment by siphon to avoid oxygen contamination
and disturbance of the sediment. However, oxygen was dissolved in the water during the
filling and increased in concentration in the surface and middle layers, although still in
a hypoxic state. The few temporary pumping events of N2 and openings for sampling
probably leaked O2 into the containers and oxygenated the water. The feed of N2 was
about 10 cm above the sediment layer, which likely only affected the upper water layers but
prevented O2 from oxidizing the sediment. The treated water after columns, i.e., denoted
influent in Table 4, had DO values of 4.33 and 5.23 mg L−1 in container A (Polonite)
and B (glass beads), respectively, after 7.5 BV. However, more interesting is that the DO
concentration was continuously elevated after filtration. Apparently, some processes in
the columns took place that caused this increase in DO concentration. Accumulation of
organic matter was visible as brownish layers on both glass beads and Polonite. A possible
reason for the oxygen increase may have been the activity of photosynthesizing bacteria
and microalgae, because light was able to penetrate into the transparent hoses and the
columns. On the other hand, the high pH in the Polonite column water does not favor
conditions for microorganism growth. The black bottom sediment stayed in an anoxic state,
which was supported by the very low concentrations of DO in the near-bottom water.

Table 4. Development of DO concentrations in container A (Polonite filtration) and B (glass bead
filtration) during 32 days pumping of hypolimnetic water. DO was measured in the center of the
containers at three depths, and water was collected at the inflow to the containers. Each value
represents one measurement, and mean values are given for the water column in relation to the
number of BV volume of water.

Bed Volume Treated and DO (mg L−1), Container A

Bed volume 7.5 22.5 45 70 90.5 113 135.5 165.5 188 210.5 233 240

Inflow 4.33 2.25 2.14 1.35 1.24 1.05 1.11 0.97 1.01 0.95 0.98 0.96

Surface 1.33 1.24 1.30 1.10 1.11 1.02 0.99 0.93 0.95 0.93 0.97 0.99
Middle 0.76 0.82 0.84 0.71 0.63 0.65 0.67 0.59 0.64 0.65 0.71 0.76
Bottom 0.11 0.15 0.14 0.15 0.16 0.10 0.12 0.14 0.14 0.18 0.23 0.25
Average 0.73 0.74 0.76 0.65 0.63 0.59 0.59 0.55 0.58 0.59 0.64 0.66

Bed volume treated and DO (mg L−1), Container B

Bed volume 7.5 22.5 45 70 90.5 113 135.5 165.5 188 210.5 233 240

Inflow 5.23 3.22 2.35 2.21 1.85 1.56 1.48 1.47 1.45 1.48 1.50 1.45

Surface 3.51 2.95 2.11 1.90 1.55 1.26 1.19 1.20 1.13 1.05 0.98 0.97
Middle 2.10 1.93 1.35 1.27 1.11 0.90 0.92 0.90 0.87 0.81 0.83 0.86
Bottom 0.15 0.14 0.14 0.17 0.15 0.17 0.13 0.12 0.15 0.15 0.17 0.15
Average 1.92 1.67 1.20 1.11 0.94 0.78 0.75 0.74 0.72 0.67 0.66 0.66

The cooling of the lower part of the containers helped to keep the temperature close to
natural conditions. However, the water temperature was elevated compared to that usually
occurring in the lower part of the hypolimnion (4−6 ◦C). For container A, the temperature
gradient was for the bottom, medium, and surface layers, 7 ± 1, 9 ± 2, and 12 ± 1.5 ◦C,
respectively. Container B showed a similar gradient of 7 ± 1.5, 8 ± 1, and 11 ± 2 ◦C,
respectively. The pumped water was heated by ambient room temperature during the
flow through hoses and filter material and returned to the containers at a temperature of
18 ◦C, where it was diluted in the water surface to about 12 ◦C. The increased pH may
have effects in the lake ecosystem and must be considered before an HWRFM system
is applied, although pumping distributed over a day can help, as previously discussed.
Highly alkaline (pH > 12) filter media effluent can be treated in constructed wetlands
(CWs) before it is released to the lake [42]. However, CWs require access to land, which
is not always an option in built-up areas. In Lake Kymijärvi in Finland, experiments are
underway where the pumped water is treated with various filter materials and then led
via a wetland back to the lake [10]. The use of other RFM with lower initial pH values
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can be considered, such as Sorbulite® [31,43] and Leca® [8]; however, their service life
can be much shorter because of their lower P-removal efficiencies. The pumping in our
experiment did not affect the DO concentration in the cold bottom water, probably because
the redirected water was warmer and slowly mixed with the surface water.

The color of hypolimnetic water was slightly brown, but after the flow through the
Polonite, it was completely discolored, which was not the case for the control with glass
beads. The strong smell of hydrogen sulfide was also removed by Polonite, but not by the
glass beads. As pointed out earlier, humic material causing a brown color of the water,
can reduce the life of a filter material consisting of lime. However, when operating a
full-scale system, benefits are achieved in terms of clear water recycled to the lake and
removal of unpleasant odors (mainly from H2S), which can otherwise be spread into the
environment [44]. In fact, the alkaline filter medium Polonite removes CO2 and H2S by
forming CaCO3 and CaSO4, respectively, which can contribute to reduced greenhouse gas
emissions (G. Renman, unpubl. data).

3.3. Problems Needing Further Study

A filter plant operated during the winter season requires a design such that the
reactive media do not freeze solid. A container-based (10- or 20-foot size) mobile system
is preferable where the indoor temperature should be 5 ◦C, i.e., the same temperature as
the hypolimnetic water. In summer, the water risks heating up when it passes the filter,
but this can be avoided if the container is insulated and possibly equipped with a heat
pump. In this proposed manner, combined with installation of a pipe that discharges
treated water to the top layer of hypolimnion, no impact on the thermal stratification would
be expected [10,11]. The P sorption capacity of most materials is sensitive to low water
temperature [45] and HRT [46]. The latter factor can possibly be controlled because the
pumping of hypolimnetic water can be distributed over time. The temperature of the water
must be regulated so that no disturbances occur in the lake at the same time as when the
filter material works best, i.e., when the operating temperature is around 20−25 ◦C. More
research is needed on the optimization of RFM to be used for hypolimnetic water treatment
and on P removal structures [47], which can be technically feasible solutions for the lakes
to be rephosphorized. However, reactive filtration is nowadays one of the recognized
technologies used for recovering nutrients from wastewater [48]. Moreover, if cost-benefit
analyses prove that the HWRFM technology is appropriate for water [49] and sediment
reuse [50], this increases the possibilities for the method to be implemented on a large scale.
Bashar et al. [51], for instance, found that a combined process involving reactive media
filtration for wastewater treatment was efficient for P removal, although it did not meet
stringent discharge standards. A circular P economy for eutrophicated water bodies should
increase the incentives for action by stakeholders; however, barriers have to be overcome,
such as the responsibilities along the value chain [52].

4. Conclusions

This simple and short-term microcosm experiment showed that the reactive filter mate-
rial Polonite was able to remove P from hypolimnetic water to background concentrations.
All other types of calcium silicate materials at high TRL should also have the same capacity
to remove P from near-bottom water of lakes. It was observed that Polonite removed odor
and the brown water color. However, long-term semi-scale field tests should be performed
with different materials, including physio-chemical and limnological investigations, to de-
tect any harmful effects of the hypolimnetic withdrawal and use of reactive filter materials
in a recirculating system.
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