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A B S T R A C T

Hypolimnetic withdrawal provides a way to remove phosphorus (P) from eutrophic lakes, but the method is still rarely combined with water treatment for capturing
this P. Thus, little is known about the chemical interactions of P and other elements upon the treatment of hypolimnetic lake water. We investigated these chemical
processes in a hypolimnetic withdrawal and treatment system (HWTS) in which hypolimnetic water is first led into a treatment unit for dissolved P (dP) precipitation
and subsequently filtered before being circulated back into the lake. We studied three different field-scale treatment unit setups and water treatments (aeration only,
aeration + calcium hydroxide (Ca(OH)2), aeration + biopolymer) to compare their effectiveness for dP removal and the geochemical properties of the resulting
precipitate. In the aeration only treatment, most of the dissolved iron (dFe) (91-95%) and dP (71-91%) were removed when sand filters were used. The addition of Ca
(OH)2 and biopolymer enhanced Fe flocculation, leading to more effective removal of dFe (d99-100%) and dP (88-95%) from the water. Regardless of the water
treatment method, dP was always precipitated by amorphous Fe oxides formed in the hypolimnetic water upon aeration. The P content of the resulting precipitates
was somewhat lower than expected (2 439-4 145 mg kg− 1), which may be linked to chemical interactions between Fe and other components in the hypolimnetic
water, such as organic matter. The precipitates also contained some heavy metals such as copper and zinc. We conclude that all the tested water treatments were
effective in removing dP from hypolimnetic water, but the enhanced precipitation by the addition of treatment chemicals is beneficial when a mesh or other rapid
filtration method is used, or when there is only negligible accumulation of dFe in the hypolimnion of the treated lake. Depending on the water treatment method and
the water chemistry of the treated lake, the precipitate may have potential for nutrient recycling, although it may sometimes require preliminary processing to
enhance bioavailability for plants and to reduce the concentration of heavy metals.

1. INTRODUCTION
Eutrophication of lakes is often a consequence of excessive phos
phorus (P) loading from the catchment area (Schindler, 2012). The
accumulation of P in lakes is problematic not only due to the changes it
causes to the lake ecosystem, but also because this valuable nutrient
goes to waste and becomes hardly accessible. As P is a finite resource
essential in food production and it will get scarce in the future, there is a
need to develop new techniques to recover P from secondary sources (e.
g. Neset & Cordell, 2012; Jupp et al., 2021).
Hypolimnetic withdrawal, a widespread method for lake restoration,
aims to remove P from a lake by leading deep water concentrated with P
and reduced substances out of the system to deplete the lake from
eutrophying nutrients and thus promote oligotrophication (Nürnberg,
1987; Dunalska et al., 2007). Conventionally, the water is simply
diverted to the lake’s discharge, but there is increasing discussion on the

possibilities to purify the withdrawn water in order to capture the
removed P and to avoid nuisances downstream. Different P-sorbing filter
materials have been tested to investigate their ability to trap P from the
hypolimnetic water flowing through them (Hussain et al., 2014;
Łożyńska et al., 2020). The option of a closed-circuit hypolimnetic pu
rification system in which the water is returned into the same lake has
also been brought into discussion (Silvonen et al., 2021).
A technique still rather unknown in hypolimnetic withdrawal is
water treatment that is based on the chemical precipitation of the target
elements and the subsequent removal of them from the suspension by
filtration or sedimentation. This technique in its different variations is
widely used in groundwater purification and wastewater treatment
plants for the removal of e.g. iron (Fe), organic matter, and P (e.g.
Yeoman et al., 1988; Sallanko et al., 2004), and it has already been
occasionally applied to hypolimnetic water as well (Nürnberg, 2020).
The advantage of this approach is that P, the main target element in
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hypolimnetic withdrawal, is not sorbed directly onto the filter media
with a limited sorption capacity, but instead bound in a precipitate that
can be separated from the filter or sedimentation basin and further
processed. It is thus an attractive option in terms of both the mainte
nance of the purification system and the possible recycling of the
captured P. Despite of this, little is known about the possibilities of such
hypolimnetic water treatment, its efficiency, and the composition of the
resulting precipitate.
The objective of this study was to extend the knowledge presented in
Silvonen et al. (2021) about the potential of closed-circuit solutions of
hypolimnetic withdrawal in lake restoration and P removal by investi
gating the chemical precipitation of P and other elements in a hypo
limnetic withdrawal and treatment system (HWTS) by different water
treatments, and to identify the chemical composition of the product
precipitate from each treatment. This way, we aimed to produce
knowledge for future applications of HWTS as well as for the possibilities
to recycle P recovered from eutrophic lakes.

tested for the HWTS (Fig. 1) together with different water treatment
methods in five different combinations (Table 1) in the experimental
runs of the system in 2019-2020. As the HWTS at Lake Kymijärvi is a
non-automated pilot system requiring frequent maintenance, contin
uous water flow through the system is limited by breaks needed for
precipitate removal and occasional filter sand exchange, and the dura
tion of the experimental runs was thus variable depending on the fre
quency of the maintenance work (1–11 days). This study compiles the
data collected in these experimental runs to enable comparisons in water
chemistry and precipitate composition between different setups and
water treatments.
Setup 1 (2019) consisted of two parallel sand filters of equal volumes
varying from 7 and 13 m3 between individual experimental runs. The
tested filter materials were two different sand types of the same grain
size (1-3 mm): calcitic waste rock (Nordkalk Corporation) and an un
specified granitoid rock (Rudus Inc). The surface of the filters was set
below the mixing well and the treated water entered the filters through
pipes installed at the base of the filters, creating gravitational pressure
and an upward flow. The filtered water flowed into overflow wells,
leading to an open ditch and the wetland. Hypolimnetic water was
pumped into the system at a 5.3-7 L s− 1 rate. In this setup, two water
treatments were tested: aeration only, and aeration with the simulta
neous and automated addition of calcium hydroxide (Ca(OH)2) granules
(Nordkalk Corporation) into the mixing well.
In Setup 2 (2020), one large sand filter (quartz sand, grain size 1-6
mm) of 150-190 m3 was used. The water flowed from the mixing well
on top of the filter through a perforated pipe and infiltrated through the
sand and into the discharge pipe at the base of the filter. The water flow
rate was 7.3-10.2 L s− 1. The water treatment method tested in this setup
was aeration only.
Setup 3 (2020) was a smaller-scale experiment with a flow rate of
only 0.5 L s− 1. It was conducted by diverting a side stream of the
incoming hypolimnetic water into a sequence of 1 m3 plastic containers:
1) a mixing container for water treatment (cf. mixing well in Setups 1
and 2); 2) a sedimentation basin; 3) a filtration basin. Both aeration only
and aeration combined with the addition of a tannin-based biopolymer
(Biopolymer HTH 25, Haarla Inc.) were tested in this setup. A discharge
tube was installed at 10 cm height from the bottom of the mixing
container, resulting in a water residence time of ca. 3 min in this
container. In the subsequent sedimentation basin, the residence time

2. METHODS
2.1. Study site
This study was conducted at Lake Kymijärvi, a eutrophic lake in
southern Finland, where a HWTS was constructed in 2018 for piloting
and research purposes. It is a closed-circuit system where hypolimnetic
water is pumped from the lake through a treatment unit and led into a
wetland from which it flows back to the surface of the lake. In the years
2019-2020, several experimental runs with different modifications of
the system were conducted, with the following basic principle (illus
trated in Fig. 1): In the treatment unit, hypolimnetic water is treated in a
mixing well for chemical precipitation of P and other elements, after
which the formed particles are removed from the water by sedimenta
tion and/or filtration. The wetland between the treatment unit and the
lake functions as a buffer zone that may trap or remove any remaining
nutrients and other elements before the treated water enters the
epilimnion of the lake.
2.2. Experimental setup
Three alternative modifications of the treatment unit setup were

Fig. 1. A schematic of the basic principle and the three alternative treatment unit setups of the hypolimnetic withdrawal and treatment system at Lake Kymijarvi,
southern Finland.
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Table 1
Combinations of filter unit setups and water treatments in the experimental runs of the hypolimnetic withdrawal and treatment pilot in 2019-2020.
Treatment unit
setup number

Year

Water treatment

n experimental
runs

Sedimentation
basin prior
filtration

Filter description

Flow rate into
treatment unit,
range in L s− 1

Water residence
time in treatment
unit, range in min

1

2019

Aeration

3

no

5.3

38-85

1

2019

Aeration + Ca(OH)2
addition (dosing 20-50
mg L− 1)

4

no

7

44-75

2

2020

Aeration

4

no

7.3-10.2

106-724

3

2020

Aeration

1

yes (1 m3)

Two parallel sand filters (V=7-13
m3) with different filter
materials*, upward water flow
through filters
Two parallel sand filters (V=7-13
m3) with different filter
materials*, upward water flow
through filters
One sand filter (V=150-190 m3)
with a single filter material**,
downward water flow through
filter
Wire mesh (mesh size 100 µm) in
a 1 m2 frame
Wire mesh (mesh size 100 µm) in
a 1 m2 frame

0.5

42

0.5

42

3

2020

Aeration + tannin-based
biopolymer addition
(dosing 0.2-0.4%)

3

3

yes (1 m )

*Calcitic waste rock (Nordkalk Corporation), grain size 1-3 mm; Unspecified granitoid rock, grain size 1-3 mm
**Quartz sand, grain size 1-6 mm

was approximately 30 min. The water flowed out of the sedimentation
basin via an overflow pipe leading to a wire mesh filter (mesh size 100
µm) attached to a 1 m2 frame sitting on top of the filtration basin. The
filtered water flowed out from the base of the filtration basin.

differences in the setups. In Setup 1, precipitate samples were collected
from the bottom of the filter by scooping the precipitate sludge on the
base layer into a container and removing any coarse material from the
sample by wet sieving (mesh size 0.25 mm) (Method 1a). In Setup 2, the
precipitate was collected from the surface of the filter by two different
methods: I) scooping it from the top layer with a shovel (Method 1b) and
processing it as in Method 1a; II) siphoning it from the top layer along
with the overlying water into 5 L bottles, letting the solids settle over
night and siphoning excess water out (Method 2). In Setup 3, the sam
ples were scooped off the wire mesh filter (Method 3).
The samples were freeze-dried and homogenized. From each
powdered sample, five subsamples were taken for further geochemical
and mineralogical analyses as described in detail in APPENDIX A.
Briefly, one subsample was analyzed for its C and N content with a Leco
TruSpec Micro CHNS analyzer. Another was digested in 65% HNO3 and
analyzed by ICP-OES for P, Fe, Al, Ca, K, Cu, Mg, Mn, Pb, S, Zn. For Fe
and P mineralogical analysis. Two subsamples were prepared and
analyzed for Fe and P K-edge X-Ray Absorption Near Edge Spectroscopy
(XANES), using the laboratory-scale spectrometer of Honkanen et al.
(2019) and the European Synchrotron Radiation Facility (ESRF) beam
line ID12, respectively. Finally, one subsample was analyzed by X-Ray
Diffraction Spectroscopy (XRD). Additionally, fines (grain size <0.25
mm) were sampled from each pure filter sand type to evaluate the level
of possible filter sand contamination in the precipitate samples. Samples
with evidence of significant sand contamination were not included in
further analyses, as described in APPENDIX A.

2.3. Data collection
2.3.1. Water samples
Water sampling was always done when the HWTS had been running
for a sufficient time (at least twice the water residence time in the sys
tem) after initial setup or maintenance break to rinse any loose material
and stabilize the processes in the system. During each experimental run,
water samples were collected in the treatment unit at three locations: 1)
water pipe before the treatment well (untreated hypolimnetic water) 2)
after the treatment well/container (post-treatment) 3) after filtration. In
Setup 3, samples were also collected after the sedimentation basin. At
each location, two replicate water samples were taken in 250 mL poly
ethylene bottles for dissolved P, Fe, manganese (Mn) – hereafter dP, dFe
and dMn – and ammonium (NH4) analysis, and two in 175 mL glass
flasks for pH and organic carbon (OC) analysis. Temperature and oxygen
concentration (O2) of the water was measured at each sampling location
with a YSI-6600V2 sonde.
For dissolved elements, two subsamples from each polyethylene
bottle were filtered shortly after collection with a syringe filter (pore size
0.2 µm) into centrifuge tubes: 10 mL for NH4 and 2 mL for dP, dFe and
dMn. The 2 mL subsamples were acidified with 20 µL of 60% HNO3, and
the concentrations of dP, dFe and dMn were analyzed with inductively
coupled plasma - optical emission spectrometry (ICP-OES), Thermo
iCAP 6000. From the 10 mL subsamples, the concentration of NH4 was
measured with Lachat Quikchem® 8500 Flow Injection Analysis System.
pH was measured from each glass flask sample with a Hanna HI 8424 pH
meter. After this, the sample was filtered with a Whatman GF/F glass
fiber filter. The filtered water was acidified to pH 2 with 0.01 M HCl for
preservation and analyzed for its dissolved organic carbon (DOC) con
tent with a Shimadzu TOC 5000A analyzer. The filters with samples
from Setup 1 and 2, aeration only, were preserved and analyzed for their
particulate organic carbon (POC) content with Elementar Vario MICRO
Cube CN analyzer. This was only possible for the aeration only samples
due to the better cohesion of particles on dried filters.

3. RESULTS
3.1. Dissolved and particulate elements in water
In Setups 1 and 2, the hypolimnetic water entering the treatment unit
was always anoxic (<1 mg O2 L− 1, sulfidic smell) with a pH of 6.3-6.8
(Table 2). After the treatment well, the O2 concentrations reached
3.3-5 mg L− 1 and the water remained oxic throughout the treatment
unit. pH was unaffected in the aeration only treatment, but the addition
of Ca(OH)2 raised it up to 9.2.
For Setup 3, pH and O2 were not followed throughout the experi
mental run, but it was confirmed with a YSI-6600V2 sonde at the
beginning that the O2 levels were similar to those observed in the preand post-treatment parts in Setups 1 and 2. Moreover, according to the
product description of Biopolymer HTH 25, the biopolymer does not
consume alkalinity and thus should not alter water pH.

2.3.2. Precipitate samples
The precipitate forming during the water treatments was sampled
directly from the filters. The sample collection method varied due to
3
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Table 2
pH and O2 in the treated water in Setups 1 and 2 with aeration only and aeration + Ca(OH)2 addition treatments.
Treatment unit setup
number

Water treatment

1
1

Aeration
Aeration + Ca(OH)2 addition (dosing 20-50 mg
L− 1)
Aeration

2

O2 (mg L− 1)

pH
Pretreatment

Posttreatment

Postfilter

Pretreatment

Posttreatment

Postfilter

6.6
6.5

6.3
9.2

6.4
9.2

0.4
0.6

4.6
3.3

4.5
4.9

6.8

6.7

6.8

0.4

5.0

5.0

Fig. 2 presents the concentrations of dissolved elements and POC in
the all the different setups and treatments; the mean values can also be
found in APPENDIX B. The mean dFe concentration in the untreated
water in the different treatment experimental runs varied between 7 080
and 13 020 µg L− 1. The aeration only treatment did not immediately
decrease dFe concentrations, but the subsequent filtration in Setups 1
and 2 lowered them by 95 and 91%, respectively, despite of the different
water retention times in the filters. The addition of Ca(OH)2 in Setup 1
removed dFe almost completely even before the filtration; after 2 min of
the treatment, the dFe concentration was less than 1% of the initial level
(38 µg L− 1). In Setup 3, the aeration only treatment did not immediately
decrease dFe concentrations, with most of the dFe (63%) passing
through the sedimentation basin and the wire mesh filter. The
biopolymer addition in Setup 3 was highly effective in removing dFe,
but the dFe concentration dropped below 1% (88 µg L− 1) of the initial
value only after the wire mesh filtration.
dP followed the same patterns as dFe in the different setups and
treatments, but the degree of removal was never as high as by dFe
(Fig. 2). The aeration only treatment did not affect the concentration of
dP, but the subsequent water filtration removed the majority of it. In the
aeration only treatment in Setups 1 and 2, the dP had dropped by 91 and
71%, respectively, after the filtration. Only 26% of dP was retained by
the sedimentation basin and the wire mesh filter in Setup 3. The addition
of Ca(OH)2 or biopolymer accelerated the precipitation process: only 5-

12% of the original dP was left after 3 min of the treatment.
The concentrations of dMn (2 700-3 700 µg L− 1) remained relatively
constant throughout the treatment unit in all setups and experimental
runs, except in the Ca(OH)2 treatment in which it dropped from 3 740 to
360 µg L− 1 (by 90%) only 3 min after the addition of Ca(OH)2. In the
aeration only treatment in Setup 2, approximately one-third of the dMn
was removed during the filtration.
The treatment unit had no effect on the concentrations of NH4 and
DOC in any of the setups or water treatments, except for the biopolymer
treatment, which increased both. The concentration of NH4 in the un
treated hypolimnetic water was 1 500-3 000 µg L− 1 and the DOC was 4
000-10 700 µg L− 1 (Fig. 3). Approximately one-third of the POC
entering the treatment system was retained on the filter in the aeration
only treatments. There was especially notable variability in the DOC
concentrations between replicate experimental runs in Setup 2 (SD 4
200 µg L− 1), although this was mainly due to one sampling day
(13.7.2020) where the DOC concentrations in the hypolimnetic water
were approximately twofold compared to the other days.
3.2. Precipitate composition
3.2.1. Elemental composition
For the precipitate samples collected in the Ca(OH)2 treatment, a
considerable proportion of many of the elements originated from the

Fig. 2. Dissolved Fe(dFe) and Mn (dMn) (left panel) and P(dP, right panel) in the water samples in different setups and water treatment. The error bars indicate
standard deviations where applicable.
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Fig. 3. NH4, DOC and POC in the water samples in different setups and water treatments The error bars indicate standard deviations.

only treatment. This material contained 2 439 mg P kg− 1 on average,
although there was great variation between samples. Overall, the
composition of the biopolymer precipitate varied more than the aeration
only precipitate, especially for certain heavy metals such as Pb and Zn.
In both types of precipitate, a considerable fraction of the mass
consisted of elements that were not measured, constituting approxi
mately 40% of the total mass of the materials.

filter sand fines (filter sand contamination analysis presented in AP
PENDIX A), and thus a reliable elemental composition of this precipitate
could not be presented here. This also applied for other samples
collected with Method 1a and 1b. In Setup 3, no precipitate was captured
on the wire mesh filter in the aeration only treatment and therefore it
could not be analyzed here.
The aeration only treatment of the hypolimnetic water in Setup 2
produced a precipitate relatively rich in Fe (360 412 mg kg− 1) and C
(153 972 mg kg− 1) (Table 3). The P content of this precipitate was 4 145
mg kg− 1. It also contained notable amounts of Zn (3 332 mg kg− 1)
among other minor components.
The addition of biopolymer in the mixing well (container) in Setup 3
altered the precipitate composition considerably; the single dominant
element in this precipitate was C (411 647 mg kg− 1), and it also con
tained more N (40 695 mg kg− 1) than the precipitate from the aeration

3.2.2. Fe and P mineralogical analysis
For Fe K-edge XANES – indicating the Fe minerals present in the
samples – only the samples collected with Methods 2 and 3 are consid
ered here, as all the others contained notable contamination of Fe from
the filter sand fines (APPENDIX A). Linear Combination Fit (LCF) output
of all remaining samples, regardless of the treatment, demonstrated a
strong dominance of Fe (III) over Fe (II) in the precipitate (Fig. 4). The
5
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= 20‒40 as often observed in organic materials (e.g., Salawu et al.,
2020). The lack of crystalline components indicates that Fe in Setup 3
samples is also amorphous, with potential contributions from 2-line
ferrihydrite and organic Fe (III) complexes formed by reactions with
the biopolymer.
Results of the P K-edge XANES analysis show that the P mineralogy of
the precipitate is likely dominated by Fe (III)-bound P in all setups. Our
semi-quantitative approach involves comparing the sample spectra with
four standards from the library of Gustafsson et al. (2020) representative
of the main groups of P-bearing compounds potentially present in the
precipitate: soil organic phosphorus (SOP), hydroxyapatite (Hydrox.),
representing Ca-bound P, amorphous aluminium phosphate (AlPO4) and
amorphous Fe (III) phosphate (FePO4). Visual inspection of the spectra
shows that samples from all setups are characterized by a white-line
energy close to 2155 eV, and frequently show a pre-edge feature in
the region 2149‒2152 eV (Fig. 6). As such, the spectra are qualitatively
similar to that of the FePO4 standard. In contrast, the SOP and Hydrox.
standards show clearly lower-energy white lines, while the AlPO4
standard has a slightly higher-energy white line energy and no pre-edge
feature. Moreover, the Hydrox. standard shows a clear post-edge feature
that is absent in any of the sample spectra. These visual observations are
further confirmed by a box- and whisker analysis in APPENDIX C.

Table 3
The elemental composition of the precipitate obtained in the water treatment
processes, concentrations as mg kg− 1. Due to higher level of filter sand fines
contamination for unanalyzable and some other elements (see APPENDIX A),
samples collected with Method 1a and 1b are excluded from these results.

Fe
C
N
Ca
K
Al
Mg
Mn
S
P
Zn
Cu
Pb
Unanalyzed elements

Aeration only (n=3)

Aeration + biopolymer (n=3)

Mean

SD

Mean

SD

360 412
153 972
16 435
15 395
12 231
9 763
6 295
8 802
7 246
4 145
3 332
830
185
400 957

29 975
292
598
1 618
1 006
1 547
860
1 127
556
413
237
66
10
37 497

66 229
411 647
40 695
1 217
14 187
15 850
1 565
1 817
11 390
2 439
4 968
1 157
282
426 557

15 888
31 237
1 676
389
8 481
1 849
1 177
358
1 183
2 129
3 424
690
166
37 636

residuals of the LCF results were <2 % in all cases, with a somewhat
better fit observed for the aeration only samples (Setup 2), especially for
the post-edge regions (keV >7.135).
XRD analysis of the samples from Setup 2 shows that the Fe (III)
mineralogy of the precipitate is likely to be dominated by amorphous
ferrihydrite (Fig. 5). These spectra show the broad peaks in diffraction
intensity around 2θ = 25‒45 and 2θ = 55‒75 that are characteristic for
2-line ferrihydrite (e.g. Eusterhues et al., 2008). The spectra also show
some crystalline components as indicated by peaks at e.g. 2θ = 26.8 and
2θ = 27.9, but these most likely indicate contamination by suspended
quartz and feldspar particles. No peaks are observed at the diffraction
angles characteristic of the main crystalline Fe oxide minerals goethite,
hematite and lepidocrocite. The spectra of the Setup 3 samples closely
resemble that of tannic acid (Zhang et al., 2015), with a broad peak at 2θ

4. DISCUSSION
4.1. Precipitation and retention mechanisms of P and other components in
the system
The high dFe concentrations in the hypolimnetic water of Mylly
pohja basin played a significant role in determining the fate of dP in each
setup and water treatment. Our results suggest that most of the P in all
precipitate samples was bound to amorphous Fe (III) phases, regardless
of the treatment method used. Therefore the principal mechanism of dP
capture in all cases appeared to be co-precipitation during oxidation of
Fe (II), likely leading to the formation of Fe hydroxyphosphates together

Fig. 4. The Fe-XANES fits and LCF percentage of individual samples with end members ferrihydrite (FH; representing Fe (III) minerals) and wüstite (FeO; repre
senting Fe (II) minerals).
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Fig. 5. XRD spectra of precipitate samples from Setups 2 and 3 alongside the synthetic ferrihydrite standard. The 2-theta values of the three most prominent
interplanar spacings (D1-3) of the crystalline Fe oxides lepidocrocite, hematite and goethite, as well as those of quartz and albite feldspar, are shown for comparison.
Length of the bar indicates relative peak height. All data taken from webmineral.com. Peaks in the Setup 2 spectra corresponding to quartz (q) and albite (a)
are indicated.

Fig. 6. P K-edge XANES spectra of precipitate samples from Setups 1-3 and four standards from the library of Gustafsson et al. (2020). All data were processed
according to the same normalization protocol as described in APPENDIX A.

with ferrihydrite (e.g., Voegelin et al., 2010; van der Grift et al., 2016).
The dominance of amorphous Fe phases can be generally explained by
the presence of organic anions in the hypolimnetic water (Cornell &
Schwertmann, 2003) – as indicated by DOC concentrations in excess of 5
mg L− 1 (Fig. 3) – as well as the short maturation time of the precipitate.
A subset of the Setup 2 samples displays slightly lower P K-edge XANES
white line energies and lower pre-edge height than observed in the

FePO4 standard (Fig. 6). These samples were also characterized by
relatively higher POC contents (not shown). Combined, these results
suggest that a minor contribution of organic P may be present in these
samples, likely as a result of particulate organic matter such as decom
posing algae and small invertebrates from the hypolimnion accumu
lating in the filter bed. We note that co-precipitation of dissolved organic
P during Fe (II) oxidation has been observed experimentally (Santoro
7
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et al., 2019) but the lack of evidence for transformation of DOC during
the treatments (Fig. 3) argues against a significant role for this process in
our samples. Moreover, the lack of post-edge features in any of the
P-XANES spectra, including that from the Ca(OH)2 treatment in Setup 1,
confirms that Ca-P minerals did not precipitate under any of our
experimental conditions.
Addition of both Ca(OH)2 and the biopolymer greatly accelerated the
precipitation of P. Because the form of the precipitated P was always Fe
(III)-bound, we conclude that the precipitation-inducing effect of both
substances was based on the modified oxidation kinetics of Fe (II)
abundant in the lake, and the following enhanced removal of dP. In
natural waters, higher pH accelerates the oxidation of Fe (II) (Stumm &
Morgan 1996; Emmenegger et al., 1998). In our data, this is observed in
Setup 1 as a steep decline in the concentration of dFe and dP, i.e.,
enhanced precipitation and flocculation, within 3 minutes of the addi
tion of Ca(OH)2 (Fig. 2). The effect of raised pH is even more clear in the
case of Mn, whose oxidation kinetics are more pH sensitive than those of
Fe; the abiotic oxidation of Mn requires a pH above 8 and is very slow
under pH 9 (Stumm and Morgan, 1996; Tebo et al., 2005). This is the
reason why dMn concentrations during the aeration-only treatment in
Setup 1 declined only slightly between untreated and post-filter samples,
and more significantly during the Ca(OH)2 treatment.
In the case of the biopolymer treatment, the mechanism of acceler
ated removal of dFe and dP is likely more complex. Zhou et al. (2008)
have shown that tannic acid (TA), which has a similar composition to the
polymer used in this study, enhances Fe (III) and P removal from
wastewater through accelerating precipitation and flocculation of
TA-Fe-P complexes. Hence, the amorphous Fe in our Setup 3 samples
could potentially include both ferric tannate and 2-line ferrihydrite,
with the exact composition dependent on the Fe/polymer ratio during
the treatment (Zhang et al., 2015). However, the Raman and X-Ray
photoelectron spectroscopy approach of Zhou et al. (2008) suggests that
the P in these complexes is likely present in a form similar to Fe
hydroxyphosphate, implying a similar initial mechanism of precipita
tion as observed in Setups 1 and 2, with more rapid coagulation due to
the presence of chelating agents in the solution. One implication of this
is that the biopolymer treatment would likely not be equally effective in
lakes with low hypolimnetic dFe concentrations, as the biopolymer
precipitates P indirectly via the oxidized Fe. This may be the case in
lakes where sulfate concentrations are high and hence a significant
proportion of the hypolimnetic dFe is precipitated with sulfide as FeS
during anoxic periods. The concentration of sulfate in the surface of
Myllypohja basin, 4 mg L− 1 (unpublished data), is rather low in contrast
to the global mean concentration in lakes (11 mg L− 1; Wetzel, 2001),
which, along with accumulation of Fe from weathering in the catch
ment, partly explains the relatively high dFe concentrations in the
withdrawn water.
In this sense, Ca(OH)2 is different from the biopolymer as it may
precipitate P also as Ca phosphates, such as apatite minerals, and thus
the hypolimnetic dFe concentration of the target lake may not be equally
important. Our P K-edge XANES data suggest that Ca phosphates did not
form in our study despite of the elevated pH in the Ca(OH)2 treatment in
Setup 1, but this is most likely due to the low dosing of the chemical. At
9.2, pH conditions in this treatment may still have been barely at the
threshold for effective apatite formation, which is above pH 9-10
(Rittmann et al., 2011). Furthermore, the presence of humic sub
stances – measured as DOC in this study – also inhibits the formation of
Ca phosphates (Song et al., 2006). With adequate dosing, Ca(OH)2 may
thus be beneficial in the case of non-humic lakes where dFe in the anoxic
hypolimnion is too scarce to effectively remove dP upon treatment. As
the effect of Ca(OH)2 in our study was based only on the pH elevation
and the subsequent enhancement of Fe and Mn oxidation, similar results
could be achieved in Fe-rich lakes also with other chemicals that act as
bases or oxidants where dFe is abundant enough in the hypolimnetic
water to bind all dP upon aeration.
Water aeration alone did not induce such rapid flocculation of Fe

along with P, and these elements remained in the dissolved phase (<0.2
µm) until the water had flowed through a sand filter. Neither the wire
mesh filter nor the sedimentation basin in Setup 3 retained these ele
ments effectively. This is mainly linked to the prevailing chemistry of the
hypolimnetic water and its effects on Fe oxidation; the abiotic chemical
oxidation and floc formation process of Fe is rather slow in pH lower
than 7 (Sharma, 2001), in which case Fe (II) is preferentially oxidized
and precipitated through adsorption on filter sand surfaces rather than
in suspension (Sharma et al., 2005). Fe (II) oxidation is enhanced by the
presence of different mineral surfaces (Emmenegger et al., 1998),
including the already formed Fe oxide coating on the filter sand grains
(autocatalysis; Sharma et al., 2005). Floc formation also occurred in the
water layer on top of the sand filter – as observed as the accumulation of
precipitate on the filter surface – when the infiltration was slow enough
to allow this process to start. Biofilm formation and Fe-oxidizing mi
crobial communities may also play a role in pH values lower than 7
(Begum et al., 2018). Therefore, a sand filter is more effective for dFe
(and dP) removal than a thin mesh or sedimentation basin when no
treatment chemicals are added in the treated water for a more rapid
chemical oxidation and precipitation of Fe. In such a setup, the filtration
process is likely a mix of physicochemical and biological oxidation, and
thus a significant part of the Fe and P may not remain on the surface (or
base) of the filter, but instead accumulate in the deeper layers of the
sand bed. The oxidation-catalyzing effect of mineral surfaces provided
by sand filters, as well as microbial activity, thus enhances the removal
of these elements, causing the filter to slowly get clogged, after which
the removal of a sufficient surface layer is required to restore the
permeability of the filter.
Interestingly, the retention percentage of dFe in the filtering system
was always somewhat higher than that of dP in all three water treat
ments and setups. This resulted in very different Fe/P ratios in the
incoming water, filtered water and the precipitate (Fig. 7). The differ
ences in the retention percentages were especially pronounced in Setup
2, aeration only, where approximately one-third of the dP entering the
system passed through the filter, while more than 90% of the dFe was
retained. This should not be due to the insufficient P-sorbing capacity of
the available Fe oxides; Voegelin et al. (2013) showed that with dP/dFe
molar ratios of up to 0.55 in a solution, the forming Fe oxides are able to
bind most of the phosphate from the water. In our study, the dP/dFe
molar ratio in the hypolimnetic water varied from 0.05-0.08, implying
that plenty of dFe was available for stripping dP from the water upon
aeration.
We suggest this is mainly the result of DOC-Fe interactions in the
treated water. In low-salinity solutions with high DOC concentrations
such as those found in the oxygenated hypolimnetic water, Fe (III) col
loids are stabilized against aggregation (Gunnars et al., 2002). Moreover
phosphate itself can promote this stabilization (He et al., 1996), leading
to the formation of P rich colloids (van der Grift et al., 2016). In this
scenario, the stabilized colloids may fractionate for P relative to the
precipitated Fe hydroxyphosphates, leading to the observed poor
retention of dP relative to dFe. This could also explain the fact that the
precipitation of both dP and dFe in the aeration only treatment was
somewhat more efficient in Setup 1 than Setup 2, despite of the mark
edly longer water residence time in Setup 2. The mean concentration of
DOC was higher in 2020 (Setup 2, 10 211 µg L− 1) than in 2019 (Setup 1,
6 372 µg L− 1), which may have favored the formation of P-rich Fe (III)
colloids that passed through the filter. A second, although perhaps more
marginal, explanation could lie in the role of silicon (Si). Although we
did not measure Si in our solutions, it can be abundant in hypolimnetic
water particularly after diatom blooms. Si can replace P sorbed onto Fe
oxide surfaces through ligand exchange, which in turn results in the
release of phosphate into the water; this phenomenon is most prominent
in high (>9) pH but is proven to also occur in circumneutral conditions
(Koski-Vähälä et al., 2001). This mechanism could have a minor effect in
the experimental setups if some of the dP did not end up co-precipitating
with Fe but instead was sorbed on the oxide surfaces.
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Fig. 7. Mean Fe/P mass ratios in water and precipitate samples in the three setups and water treatments. The error bars indicate standard deviations. Note the
different Y-axis scales between panels.

Because part of the C entering the system was already in solid phase
(POC), some of it was captured in the filter, which is also supported by
the presence of some organic P in the precipitate. This indicates that the
HWTS does not exclusively target the sedimentary dP diffusing into the
water column during hypolimnetic anoxia, but can also remove organic
particles that would accumulate in the sediment and increase its bio
logical O2 demand (BOD). This may also be beneficial for the recovery of
a eutrophic lake.
The treatment unit was not effective for removing dissolved com
pounds originating from decomposed organic matter (DOC, NH4). This
was mostly an expected result, as the treatment unit itself did not
contain materials or phases typically used in wastewater treatment for
the removal of these components. These would include biological pu
rification steps (Katsoyiannis & Samara, 2007; Kim et al., 2010),
N-sorbing materials such as zeolites or biochar (e.g. Hina et al., 2015), or
the elevation of water pH which transforms NH4 into ammonia (NH3),
combined with air bubbling which then allows the formed NH3 to
volatilize (Guštin & Marinšek-Logar, 2011). In the piloted HWTS, the
lack of such a bubbling unit probably prevented the effective stripping of
NH4 in the Ca(OH)2 treatment, so adding one in any future application
of this treatment method could be a sensible option to rid the treated
water from this nutrient. Moreover, the wetland following the treatment
unit provides an environment for biological N removal, as wetlands are
proven to be effective for this purpose (Reinhardt et al., 2006).

precipitates from the hypolimnetic water of Myllypohja basin was an
order of magnitude lower than in dried sewage sludge, for example
(Herzel et al., 2016). Based on the concentration of Fe in the bulk pre
cipitate, the P concentration could in theory have been close to the
sewage sludge levels if the mass ratios of these two elements were the
same as in the hypolimnetic water. For the biopolymer precipitate,
lower P concentrations were interpreted to result from the diluting effect
of the significant C input from the biopolymer itself.
Like sewage sludge, the precipitate forming in HWTS has potential
for being recycled for agricultural purposes, as it contains P and other
nutrients. The composition of the precipitate obtained through this
method is the result of the water chemistry of the target lake, together
with the water treatment method used, so the recycling procedure is
always site-specific and should be determined on a case-by-case basis.
The material obtained in all our HWTS experimental runs at Lake
Kymijärvi/Myllypohja basin, for example, also contained heavy metals
such as Cu, Pb and Zn (Table 3) which get concentrated in the deep
water during anoxic periods due to their associations with the redoxsensitive Fe and Mn oxides (Jokinen et al., 2020). These metals
occurred in the resulting precipitate in concentrations that would exceed
the Finnish threshold values for degraded soils if measured in actual soil,
which is often the case with sewage sludge as well (Herzel et al., 2016).
Hence, direct application on fields should be done with caution, and it
might require mixing the material into the soil or with the filter sand to
avoid elevating the concentrations of harmful substances in the
receiving soil. The downside of this is, of course, that the P concentration
in the applied material will also be diluted.
The P in all the precipitates was mainly bound by Fe and thus, in
principle, poorly available for plants and not ideal for reuse without
further processing. This might however not be the case for the
biopolymer precipitate. P associated with Fe-TA complexes appears to
be easier released than P bound by Fe oxides only (Zhou et al., 2008),
implying that P precipitated with biopolymer is probably more
bioavailable. In cases where the concentrations of harmful substances –
such as certain heavy metals – in the hypolimnetic water are also low
enough, biopolymer treatment could produce a precipitate that is

4.2. The recycling potential of the precipitates
The Fe/P mass ratio in the hypolimnetic water varied between 22-36
in the different experimental runs (Fig. 7). A corresponding Fe/P mass
ratio (33) was found in the precipitate from the aeration + biopolymer
treatment, but it was much higher in the precipitate from the aeration
only treatment (90). As discussed in section 4.1., this may either indicate
P passing through the filter with colloidal Fe, or that the P-sorbing ca
pacity of the Fe oxides was decreased due to preferential sorption of
other anions, such as silicate; both mechanisms could prevent the
enrichment of P in the precipitate. As a result, the P content of the
9
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directly utilizable as a fertilizer. Otherwise, we conclude that the most
benefit from this precipitate as a fertilizer could be obtained by further
processing when recycled, e.g. by extracting only P and other desired
elements from it.
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dra Tantarico, Nea Tuomela, Miia Nurmesniemi and Kari Sainio for their
assistance in the field and laboratory work. The XRD data in this study
are contribution #6 from the Environmental and Mineralogical Labo
ratories (Hellabs) of the Department of Geosciences and Geography,
University of Helsinki. We thank Katie Doig for carrying out the XRD
analyses. Special thanks to Maria Stockenreiter (Ludwig-Maximilian
University of Munich) for kindly providing POC analyses, as well as Ville
Nenonen (Eawag – Swiss Federal Institute of Aquatic Science and
Technology) for his helpful insights.

5. Conclusions
Physical filtration of hypolimnetic water treated with aeration, and
possibly added treatment chemicals, can remove P and many other el
ements effectively. Ca(OH)2 (pH elevation) and biopolymer (organic Fecomplex formation) both enhanced the precipitation of dFe and dP upon
aeration, which can be crucial especially when using passive purifica
tion systems (i.e., no automated flushing or sludge separation) with the
goal of concentrating all the captured P and other precipitating elements
on the filter surface or as sludge in a sedimentation basin for later
collection. The use of Ca(OH)2 in high enough dosing is especially ad
vantageous in lakes with low dFe concentrations as it may promote the
formation of Ca phosphates, while the biopolymer may be beneficial
when the filtration is carried out with a mesh, because of fast floc for
mation. Overall, both chemicals can be of use when rapid filtration is
used instead of a sand bed with a long retention time and surfaces for Fe
sorption and particle adhesion. In low-sulfate lakes rich in hypolimnetic
dFe, on the other hand, the combination of aeration only and slow sand
filtration may still yield decent removal results for dP and dFe, and it
may thus be a more attractive solution for its simplicity if the goal is not
to effectively concentrate all the precipitate on a filter surface for later
collection. In such lakes, most of the dP is in any case likely to be bound
by Fe (III) in the form of ferrihydrite and Fe (III) hydroxyphosphates
upon water aeration, regardless of whether Ca(OH)2 or biopolymer is
used. The nutrient retention efficiency of the treatment unit and filter is
partly also governed by biological communities in the lake – such as Feoxidizing bacteria and settling phytoplankton – as their accumulation in
the filter may significantly affect the biogeochemical processes in the
treatment unit. Hence, a holistic understanding on the target lake’s
ecosystem is helpful when designing and optimizing a HWTS.
HWTS has potential to remove and capture not only sedimentary P
dissolved and diffused into the near-bottom water during hypolimnetic
anoxia, but also P and other nutrients bound in settling organic particles.
This can be significant especially after massive algal blooms, as the
nutrients in the decomposing mass are removed from the system before
entering the sediment and being fully degraded in an oxygen-consuming
process.
The recyclability of the precipitate obtained with HWTS depends
strongly on the sediment and water chemistry of the target lake, as well
as the used water treatment method. Overall, HWTS may represent a
rather inefficient means for harvesting P for reuse due to relatively low
concentrations in the treated water and the resulting precipitate, and the
tendency of dP to bind with Fe (III) in the process when treating Fe-rich
lakes. Thus, obtaining and potentially recycling this P-containing pre
cipitate is best to be viewed as a positive addition to the method pri
marily designed for restoration of eutrophic lakes.

Supplementary materials
Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.watres.2022.118507.
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