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1 Introduction

Phosphorus (P) is a limiting nutrient for lake organisms
and acts as a major contributor to eutrophication. As the
reservoir of external P and the source of internal P, lake

sediments play vital roles in P cycling, including complex
processes of chemical and biological transformation
(Golterman, 2001). Simulative studies have revealed the
detailed mechanism for P release or immobilization under
variable conditions, such as redox potential, pH, tempera-
ture and light, (Jiang et al., 2008). Among these factors, the
levels of sediment Al, OC, and DO can be directly
controlled by engineering measures such as Al dosing
(Jensen et al., 2015), OC control (Khoshmaesh et al., 2002;
Reitzel et al., 2017) and aeration (Roslńska et al., 2018;
Yin et al., 2019).
Al dosing is an effective way to immobilize P in the
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H I G H L I G H T S

•The three simulation factors caused various
changes in both water and sediment.

•Responses to simulations differed with the
reported natural lakes and wetlands.

•Al has dominant effects on sediment P release
control among the three factors.

•Adding sediment Al can be effective and safe
under the simulated conditions.

• Polyphosphates were not generated, while added
phytate was rather stable.
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G R A P H I C A B S T R A C T

A B S T R A C T

The effects of sediment aluminum (Al), organic carbon (OC), and dissolved oxygen (DO) on
phosphorus (P) transformation, at the water-sediment interface of a eutrophic constructed lake, were
investigated via a series of simulative experiments. The above three factors had various influences on
dissolved P concentration, water pH, water and surface sediment appearance, and P fractions.
Additions of Al had the greatest effect on suppressing P release, and the water pH remained alkaline in
the water-sediment system under various OC and DO conditions. No dissolution of the added Al was
detected. 31P-NMR characterization suggested that OC addition did not promote biological P uptake to
polyphosphates under oxic conditions. The simulation result on the added phytate indicated the
absence of phytate in the original lake sediment. As compared to the reported natural lakes and
wetland, the water-sediment system of the constructed lake responded differently to some simulative
conditions. Since Al, OC, and DO can be controlled with engineering methods, the results of this study
provide insights for the practical site restorations.
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sediment. Unlike iron (Fe)-bound P which is readily
released from sediment during hypolimnion anoxia, Al-
bound P is stable under both oxic and anoxic conditions if
the pH is circumneutral (Huser et al., 2016). Natural lake
sediments with high Al content release negligible amount
of P during anoxia (Kopáček et al., 2005; Norton et al.,
2008; Liu et al., 2009). Al dosing has also been applied in
site restoration projects to irreversibly sequester P in the
sediment (Huser et al., 2016; Zhang et al., 2019). However,
this practice consumes alkalinity and thus lowers pH,
which may lead to the occurrence of dissolved Al
(Gensemer and Playle, 1999) and change the aquatic
ecology (Reitzel et al., 2003; Steinman and Ogdahl, 2008).
Organic matter influences the surface sediment microbe

activities. The uptake, storage, and release of P are of
major importance in P cycling in some lakes (Jensen et al.,
2015). When the microbial activity is promoted by seston,
the sediment acts as a trap for P from the overlying water
(Ni et al., 2019). Khoshmanesh et al. (2002) found that,
under oxic conditions, dissolved orthophosphate was
completely taken up by microbes in wetland sediments
amended with carbon sources. However, sediment micro-
organisms can also quickly respond to organic matter by
shifting toward anoxic conditions and decreasing the pH
(Khoshmanesh et al., 1999), both of which may promote
the sediment P release. Furthermore, organic matter may
decrease the effectiveness of P adsorption to Al (de Vicente
et al., 2008) and lead to Al hydroxide dissolution if the pH
gets significantly lowered (Reitzel et al., 2013).
For over a decade, the knowledge of P at the water-

sediment interface has been greatly updated with the aid of
31P nuclear magnetic resonance spectroscopy (31P-NMR).
Orthophosphate is found to be converted by the aquatic
community to a series of biogenic P compounds, such as P-
monoesters, P-diesters, pyrophosphate, polyphosphates
and phosphonates (Zhang et al., 2013; Read et al., 2014;
Zhang et al., 2014; Zhu et al., 2018). P esters are regarded
recalcitrant by being incorporated with organic matter and
preserved in the sediment (Ahlgren et al., 2006; Zhu et al.,
2013), while polyphosphates are considered more labile to
redox-controlled decomposition (Hupfer et al., 2004).
However, the current understanding of the origin and fate
of these P species is still insufficient for P cycling research
and eutrophication control (Ahlgren et al., 2011).
In areas with fast urban development and limited water

resource, such as the metropolitan areas of China, many
lakes receive reclaimed water with relatively high P
concentrations as the supplement (Fang et al., 2018).
Even if the reclaimed water quality is further improved,
internal P cycling will still be a big concern for
eutrophication. Previously, we studied a series of con-
structed landscape lakes (Liu et al., 2009). The lake
sediments contain a high concentration of P but lack
sufficient Al to suppress internal P release. It is also found
that, compared with reported natural water bodies,

biogenic P compounds take very small fractions of the
total sediment P. Therefore, Al dosing and aeration may be
implemented to prevent sediment P release, and OC
addition may also be considered to enhance P uptake by
sediment microbes.
However, the effect of each engineering approach must

be examined in laboratory simulation first, especially when
more than one approach is to be carried out simultaneously.
Taking OC addition for instance, several questions should
be addressed to evaluate the practicability, such as whether
the biological P conversion can be truly enhanced, whether
the OC metabolism induced pH shift will affect the Al
dosing, and whether there will be other issues upon OC
addition. To answer these and other similar questions, a
series of experiments was conducted to simulate the P
transformation at the water-sediment interface of a
eutrophic constructed lake. The influences of Al, OC,
and DO were evaluated with overlying water P concentra-
tion and pH, as well as chemical fractionation and 31P-
NMR characterization of sediment P. The results provide
new insights for P transformation research and lake
eutrophication management.

2 Materials and methods

2.1 Site description

The studied sediment and water were collected from one of
the constructed lakes in a golf course located in north-
eastern Beijing (Liu et al., 2009). The surface area of the
lake is 1.5 ha, and the mean depth is 1.5 m. By the
sampling time in summer, the lake had been using the
reclaimed water containing 0.7 to 3.0 mg P/L as a
supplement for three years. The surrounding landscape
lawns, fed with manure and chemical P fertilizers, also
contributed significant P pollution to the lake. The total P
content in the calcareous sediment (molar ratio of Ca/(Al+
Fe) = 1.0) was 1490 mg/kg. The P level in the lake water
stayed above 0.15 mg P/L throughout the year; however,
no algae bloom has ever happened, possibly due to the
allelopathy of the exuberant macrophytes (Gross, 2003)
near the bank (calamus) and in the water (reed). The lake
water remained alkaline (pH 7.4 to 8.5), although the
supplement water was slightly acidic (pH 6.5 to 7.0).

2.2 Material collection and reactors setup

The lake water was collected in PET bottles, and surface
sediments (0 to 2.5 cm depth) were collected by a Tamura
grab sampler from five distant spots on the lake bottom.
Water and sediment samples were respectively stored at
–20°C and –80°C until use.
In a 5 L beaker, 1.5 kg of wet sediment and 3 L of lake

water were combined into a slurry and homogenized with
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magnetic stirring and pumped aeration for 8 h. The solid
phase was collected after centrifugation at 5000 r/min for
10 min. Each of the nine 2.5 L brown glass bottle reactors
was loaded with 100 g of the processed sediment and 200
mL of lake water. For each reactor, sodium phytate (65 mg,
Sigma-Aldrich P8810) and 2-phosphorylpropionic acid
(7.5 mg, Alfa-Aesar) were dissolved in 10 mL of lake
water, and the solution was slowly introduced into the
mixture under fast stirring. The purpose of the phytate
introduction is to examine whether sediment microbes can
degrade this P-monoester at a significant rate under the
simulated conditions (Suzumura and Kamatani, 1995).
Phosphonates were detected in some natural lake sedi-
ments and considered to be both chemically and
biologically stable (Ahlgren et al., 2006), probably due
to the stability of the P –C bond. Hence, the 2-
phosphorylpropionic acid, a typical phosphonate com-
pound, was added as a reference to evaluate the chemical
extraction for 31P-NMR analysis. The mixture was further
stirred and aerated for 12 h, and the suspension was left to
settle, resulting in a flat water-sediment interface. Sediment
in one of the nine reactors was collected and stored at 80°C
until being analyzed as the “initial” sediment. For the rest
eight reactors, another 2 L of lake water was slowly
introduced into each reactor. The reactors were configured
with different Al, OC and DO levels (Table 1). The Al
treatment was achieved by slowly adding a solution (10
mL) of 320 mg of poly aluminum chloride (PAC) into the
overlying water under vigorous stirring. The molar ratio
between the added Al and sediment mobile P (Reitzel et
al., 2003) was approximately 4, the same ratio used in the
reported site restoration project (Reitzel et al., 2005). After
floc formation, the water-floc-sediment mixtures were
stirred for 12 h under aeration and then left to settle for 6 h.
The Al hydroxide was thus dispersed into the sediment,
with no floc visible on the sediment top. The OC addition
was realized by adding a solution (10 mL) of sodium
acetate (377 mg) and glucose (276 mg) into each
designated reactor. Each carbon source contributed 50
mg C/L. The carbon source types and concentrations were
chosen based on Khoshmanesh et al. (1999) and Hupfer et
al. (2004). DO was controlled by continuously bubbling air
or nitrogen to maintain>4.5 mg/L in oxic reactors and< 1
mg/L in anoxic reactors. All reactors were placed away
from sunlight and incubated at room temperature (22°C to
24°C) for 30 days.

2.3 Water and sediment analysis

During the simulation period, DO and temperature of the
overlying water were monitored daily with a Rex JPB-607
DO meter. pH was measured in situ with a Mettler Toledo
SG2 pH-meter. At each sampling time, 10 mL of the
overlying water was taken by a syringe and replaced by 10
mL of deionized water to maintain the constant overlying
water volume. After 0.45-μmmembrane (cellulose acetate)
filtration, orthophosphate was measured by molybdate
colorimetry (S.E.P.A. China, 2002). Dissolved metal
concentrations were measured by Thermo IRIS Intrepid
inductively coupled plasma-atomic emission spectroscopy
(ICP-AES). At the end of the simulation, the overlying
water in each reactor was carefully removed by the siphon
and pipette to avoid sediment resuspension. Surface
sediments (5 mm thick) were collected, immediately
frozen at – 80°C and lyophilized.
For fractionation analysis, 0.4 g of the lyophilized

sediment sample was fractionated twice with each of the
following extractants: 1 M NH4Cl at 25°C for 1 h, 0.11 M
NaHCO3-Na2S2O4 (BD) at 40°C for 30 min, 1 M NaOH at
25°C for 16 h, and 0.5 N HCl at 25°C for 24 h (Lake et al.,
2007; Liu et al., 2009). All fractions were centrifuged at
8000 r/min for 5 min, and the supernatants were filtered
through 0.45-µm membrane filters. Extracted P concentra-
tion was quantified by molybdate colorimetry after K2S2O8

digestion (S.E.P.A. China, 2002).
For 31P-NMR analysis, 2.0 g of the lyophilized sediment

sample was pre-extracted with 20 mL of 0.067 M
Na2EDTA at 25°C for 1 h with the purpose of (1) reducing
the NMR spectrum interference by reducing paramagnetic
metals and (2) removing ions catalyzing the polyphosphate
fragmentation (Hupfer et al., 2004). After centrifugation at
10,000 r/min for 5 min and supernatant decantation, a
20 mL of solution containing 0.25 M NaOH and 0.05 M
Na2EDTA was used to extract the sediment at 25°C for
16 h (Cade-Menun and Preston, 1996). After centrifuga-
tion at 15000 r/min for 10 min, the supernatants were
filtered through 0.45-µm membrane filters and neutralized
by 0.5 M HCl to reduce biogenic P degradation during
the followed lyophilization (Cade-Menun et al., 2006;
Reitzel et al., 2006).
For the preparation of a 31P-NMR sample, 200 mg of the

lyophilized residual powder was dissolved in 0.6 mL of
D2O and 0.1 mL of 10 M NaOH. An additional 25 mg of
Na2EDTA$2H2O was also added, with the purpose of
reducing line broadening by chelating free paramagnetic
ions (Turner and Newman, 2005) and prevent the
fragmentation of polyphosphates (Hupfer et al., 2004), if
any. The 31P-NMR spectra were recorded at ambient
temperature (22°C–25°C) on a JEOL ECA 600 spectro-
meter operating at 242.95 MHz for 31P, using a 5.2 μs pulse
(45°), a delay time of 2.0 s, an acquisition time of 0.54 s,
and broadband proton decoupling. Between 9500 and

Table 1 Configurations of DO, OC and sediment (Al) for the eight

reactors

Reactor A B C D E F G H

DO a) – – – – + + + +

OC b) + – + – + – + –

Al b) + + – – + + – –

Ouchen Cai et al. Phosphorus transformation at the water-sediment interface 3



29100 scans were acquired depending on P concentration.
Data were processed using 1-Hz line broadening. Chemi-
cal shifts were indirectly referenced to external 85%
H3PO4 (at δ = 0.0), and the assignment of peaks was done
by comparison with literature.

3 Results

3.1 P concentration change in the overlying water

As shown in Fig. 1, at day 0 the orthophosphate
concentrations in the overlying water of all reactors were
around 1 mg/L. However, during the 30 days of simulation,
different Al, OC, and DO conditions led to greatly varied P
concentrations and P uptake/release features. Sediment Al
content had a dominant influence. Four sediments dosed
with PAC (A, B, E, and F) removed most ortho-P from
overlying water within one day, and the P levels remained
below 0.2 mg/L regardless of differing DO and OC
concentrations. In contrast, all the four sediments without
Al addition (C, D, G, and H) released P into the overlying
water; the ortho-P concentrations stayed above 1 mg/L.

For the sediments without Al addition, the influence of
DO is pronounced. Under anoxic conditions (C and D) the
sediments kept releasing P due to the dissolution of Fe and
Mn matrices (see below) and reached 6 mg/L at the end of
the simulation. Under oxic conditions (G and H) the
sediments released much less P than C and D. After a P
releasing period, the P concentrations in G and H started to
slightly decrease at day 13 and day 3, respectively.
The apparent influence of organic carbons is only

observed in oxic G and H, both of which were not amended
with Al. Although DO levels in oxic reactors were

constantly over 4.5 mg/L, the addition of 100 mg/L OC
in reactor G resulted in a longer P releasing period than in
reactor H. The P release under oxic conditions could be
attributed to microbial activities (Jiang et al., 2008). This is
different from the discovery by (Khoshmanesh et al., 1999)
that glucose and acetate addition led to a fast and full P
removal by wetland sediment microbes from the overlying
water.

3.2 pH change of the overlying water

Figure 2(a) shows the overlying water pH during the
simulation period for all reactors. Starting from the initial
value of 7.6, the pH change in each reactor varied due to
the different Al, OC, and DO conditions. In general, pH in
anoxic reactors (A, B, C, and D) were lower than in oxic
reactors (E, F, G, and H). This is in accordance with the
previous report on wetland sediment simulation (Khosh-
manesh et al., 1999). However, the opposite effect was
observed in the simulative study on Taihu Lake sediment
(Wang et al., 2008).
For the demonstration of the influences of Al and OC,

the pH curve pairs (the other two parameters being the
same) are separately plotted in Figs. 2(b) and 2(c),
respectively. In general, the reactor with Al-dosed sedi-
ment had a slightly lower pH than the counterpart (Fig. 2
(b)). For the pairs B/D, E/G, and F/H, sharp pH increases
were observed during the first several days, probably due
to the release of sediment alkaline substances into the
water taken from the lake surface. However, this increase
was not shown in reactors A and C, where 100 mg/L
organic carbon was added under anoxic condition. From
the comparison pairs A/B and C/D (Fig. 2(c)), the OC
addition lowered pH during the first half of the simulation
period. However, under oxic conditions, the reactors with
amended OC showed higher pH, as seen in the pairs E/F
and G/H. Nevertheless, although the highest overlying
water pH reached near 9, dissolved Al was not detected by
ICP-AES (detection limit 10 µg/L) in all overlying water
samples.

3.3 Water and sediment appearance

Figure S1 shows the overlying water collected from each
reactor at the end of the 30-day simulation. In contrast to
the oxic reactors (E, F, G, and H) with colorless and
transparent overlying waters, waters from anoxic reactors
showed different colors and turbidity. Especially for A and
C amended with organic carbons, the water turned pink
and red-brown, respectively. For the other two without OC
addition, the overlying water was colorless in B and light
yellow in D. However, after the 0.45-µm filtration, all
samples became colorless and transparent. After the
samples were left to stand for 10 days at 4°C, colored
precipitates formed, and the water became clear. Thus, the
colored material should be most probably biogenic

Fig. 1 Orthophosphate concentration changes in the overlying
water of the eight reactors during the simulation period. Reactors
A, B, C, D: oxic; E, F, G, H: anoxic. Reactors A, C, E, G: organic
carbon added; Reactors A, B, E, F: Al added.
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Fig. 2 (a) Overlying water pH changes of the eight reactors during the simulation period. (b) Comparison of the effects of added Al.
Dotted lines indicate the reactors not amended with Al. (c) Comparison of the effects of organic carbon. Dotted lines indicate the reactors
not amended with OC. Reactors A, B, C, D: oxic; E, F, G, H: anoxic. Reactors A, C, E, G: organic carbon added; Reactors A, B, E, F: Al
added.

Table 2 P recovery with sediment extractions

Sediment
Total P (NaOH-EDTA)

(mg P/kg)
Phosphonate (NaOH-EDTA)

(mg P/kg)

NH4Cl-P+ BD-P+
NaOH-P (Fractionation)

(mg P/kg)

PNaOH-EDTA /
PNH4Cl+BD+NaOH ratio

Initial 620 25.4 976 63.5%

A 793 50.8 1054 75.2%

B 676 66.9 844 80.0%

C 495 6.4 655 75.6%

D 608 38.3 814 74.7%

E 743 17.1 1122 66.2%

F 863 34.5 1269 68.0%

G 600 4.8 1079 55.6%

H 618 6.8 1196 51.7%
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macromolecules. The color difference among A, B, C, and
D is visibly apparent such that the concentration could be
readily estimated as C>A>D>B, and correlated to
microbial activities that converted small molecular organic
carbons into humus (Liu et al., 2016). As suggested by
comparisons A/B and C/D, OC addition promoted color
and turbidity formation. On the other hand, the effect of Al
addition is also obvious; comparisons A/C and B/D
indicate that Al addition could reduce the color (Egemose
et al., 2010) with the same OC conditions. Abundant
sediment Al could absorb humics from the overlying
water, and it might also suppress the anoxic release of
sediment humics initially bound to Fe hydroxides.
In the beginning, the sediment interfaces with the

overlying water in all reactors were dark gray and flat
(Fig. S2). After 30 days of simulation, surface sediment in
the four oxic reactors (E to H) turned yellow for 3 to 5 mm
of thickness. Due to the hydrological disturbance by air
bubbling, these sediment surfaces looked flat and rich in
pores. Sediment surface in the four anoxic reactors (A to
D) remained dark gray. Under anoxic conditions, gas
bubbles intermittently emitted from the sediment and
created fissures and cracks on the surface. Similar to the
trend of the overlying watercolor, OC-amended reactors A
and C had more ruptured sediment surfaces than those of
sets B and D. Sediment Al also had an influence on the
degree of rupture to sediment surfaces; Al-added sedi-
ments A and B had smoother surfaces than those of C and
D, respectively. Since gas emission could cause sediment
surface resuspension and liberate labile P in the porewater
to the overlying water (Zhang et al., 2019), abundant
sediment Al may have beneficial effects for reducing
disruption-induced P release.

3.4 Sediment P fractionation

Sediment P factions at the surface sediment are shown in

Fig. 3. The faction NH4Cl-P represents the loosely bound
P, including pore water P., CaCO3 associated P and
decaying bacteria cells leached P (Liu et al., 2009). After
the 30-day simulation, sediments in anoxic reactors A, B,
C, and D had a decreased amount of NH4Cl-P compared to
the initial sediment. This may be explained by gas
emission disruption, as well as P transformation into
other fractions. In contrast, this P fraction in oxic reactors
G and H (without Al addition) increased to more than twice
of the value in the initial sediment.
The fraction BD-P represents the redox-sensitive P

forms mainly bound to Fe hydroxide and Mn compounds
(Liu et al., 2009). Under anoxic conditions (A, B, C, and
D), this fraction decreased due to the dissolution of Fe and
Mn matrices under low redox condition. Under oxic
conditions, the sediments in OC amended reactors (E and
G) remained the BD-P level as in the initial sediment,
while the other two without OC addition (F and H) had
BD-P increased for about 160 mg/kg.
The fraction NaOH-P mainly includes P bound to Al

hydroxides and organic materials (Liu et al., 2009).
Sediments amended with Al had significantly increased
NaOH-P under both anoxic (A and B) and oxic (E and F)
conditions. As observed from Fig. 1 and Fig. 5, although
the sediment BD-P of A and B decreased, the overlying
water P did not increase. Under either anoxic or oxic
condition, the sediment tended to release P into the water,
whereas adequate Al was able to effectively capture the
mobile P. It is worth noting that, increased NaOH-P in the
oxic sediments (E and F) might be attributed to the P
release from the lower anoxic layer that remained dark
color.
The HCl-P fraction is assumed to consist mainly of

apatite P and considered to be relatively stable, contribut-
ing to a permanent P burial in the sediments (Liu et al.,
2009). The amounts of this P fraction in all sediments were
similar, indicating that the Al, OC, and DO factors did not

Fig. 3 P fractionation of sediment samples. Reactors A, B, C, D: oxic; E, F, G, H: anoxic. Reactors A, C, E, G: organic carbon added;
Reactors A, B, E, F: Al added.
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have significant short-term influence, although some
previous studies proposed that the organism process
might play some role in HCl-P transformation (Wang et
al., 2008).

3.5 Biogenic P transformation

NaOH-EDTA extraction covered 495 to 863 mg P/kg from
the sediments in reactors A-H and the initial sediment
sample (Table 2). The P species diversity detected by 31P-
NMR was uniform for all the nine samples, although the
intensity and relative integration area of each peak among
spectra varied. However, extracted phosphonate (as the
reference standard) ranged from 4.8 to 66.9 mg P/kg.
Especially, the extracted amount in A, B, D, and F
significantly exceeded the amount extracted from the
“initial” sediment. Thus it is likely that mineral and
biological processes under variable simulation conditions
led to differences in P extractability. The NaOH-EDTA
extracted P may not be directly used for comparison on the
quantitative change of each biogenic P species. Detailed
reasoning is presented in the Discussion.
The comparison of the P-monoester regions between the

original lake sediment (before amending with phytate and
phosphonate) and the phytate-amended sediment (Fig. 4)
clearly suggested that the original sediment did not contain
phytate in an amount above the NMR detection limit. Both
the P-monoester compounds in the original sediment and
added phytate could be simultaneously seen in the NaOH-
EDTA extract of the phytate-amended sediment. Figure 5
shows the comparison of P species in the original lake
sediment and in the representative sediment from reactor E
after 30 days of simulation. The species presented in the
original sediment (e.g. DNA and pyrophosphate), as well
as the added phytate and phosphonate, were still abundant
after simulation. This also applies to all other post-
simulation sediments (spectra not shown), indicating these
biogenic P species could not be significantly degraded
under the various combination of Al, OC, and DO
conditions for a month. No new P species was generated

Fig. 4 31P-NMR spectra for the NaOH-EDTA extract of (a)
original lake sediment, (b) “initial” sediment sample added with
phytate, and (c) excess phyate spiked in sediment extract. In (b),
* indicates the signal of added phytate reagent; | indicates the
signal of other P-monoesters detected in the original lake sediment.

Fig. 5 31P-NMR spectra for the NaOH-EDTA extracts of (a) original lake sediment and (b) sediment from reactor E after simulation.
The peaks of orthophosphate are not fully displayed.

Ouchen Cai et al. Phosphorus transformation at the water-sediment interface 7



during the simulation, either. Unlike Khoshmanesh et al.
(2002) where the 31P-NMR detected polyphosphate
amount was comparable to orthophosphate and P-monoe-
sters in NaOH-EDTA extracts, no such signal (chemical
shift near 20 ppm) was detected in any sediment samples in
our study. Reactor E was amended with a similar amount
of organic carbons as used in Khoshmanesh et al. (2002)
and aerated, but no microbial activity toward polypho-
sphate conversion was indicated from 31P-NMR character-
ization.

4 Discussion

4.1 Influences of Al, OC, and DO

Among a series of factors that could influence P
transformation and water quality, Al, OC, and DO can be
controlled by engineering approaches to affect the two P
immobilization strategies-mineral fixation and biological
conversion. The three factors can affect each other via the
change of pH. For example, DO levels affect microbial
activities and lead to varied water pH; microbial degrada-
tion of OC consumes DO and change pH; altered pH may
cause Al hydroxide dissolution. However, in this study,
due to the good buffering capacity of the sediment, even
the water in reactors A and C (added with 100 mg/L OC
under anoxic conditions) remained alkaline. Thus, the Al
dissolution as Al3+ would not be possible. Besides,
although the highest pH (8.8) in oxic reactor E may
potentially dissolve Al hydroxide as Al(OH)4

– (Reitzel et
al., 2013), Al was not detected in the overlying water of all
reactors, possibly due to the complex chemistry at the
water-sediment interface that prevented the release of
soluble Al species.
Despite that OC addition as high as 100 mg C/L

promoted microbial growth that increased color and
turbidity, P levels were constantly low in the overlying
water of the reactors with Al addition. Fractionation results
suggest that abundant Al would scavenge NH4Cl-P or BD-
P, which could otherwise enter the overlying water upon
disturbance or anoxia, respectively. Under various condi-
tions of OC and DO, as well as the subsequently altered
pH, sediments supplemented with Al effectively sup-
pressed P release into the overlying water, and did not
leach detectable amount of Al. Therefore, sediment Al is
the more decisive factor for P control than DO and OC.
The actual OC levels in the studied lake systems are much
lower than 100 mg/L. The site application of Al at the
studied dosage may be effective for P control and safe for
the aquatic ecosystem.
It is also worth mentioning that, in this study, the DO

influence is opposite to what was observed in Wang et al.
(2008), where anoxic conditions led to elevated pH due to
photosynthesis and denitrification. The pH increase under
oxic conditions upon OC addition was also inconsistent

with the report (Abril and Frankignoulle, 2001) where CO2

production and nitrification under oxic conditions con-
sumed alkalinity. These interesting disparities indicate
different mineral constituent and microbial activity of the
studied water-sediment interface with those of reported
aquatic systems. This shows the necessity of simulation
studies before any practical remediation procedure is to be
carried out.

4.2 Implications for Al addition

The Al dosage in this study was 4 times the molar ratio of
sediment mobile P, which was defined as (NH4Cl-P) +
(BD-P) + (NaOH-nrP) (Reitzel et al., 2003). The practical
PAC application to Lake Sønderby with this Al/P ratio
maintained a low water P level for at least two years
(Reitzel et al., 2005). For the sediments dosed with Al in
this study, the resulted molar ratios of (NaOH-Al):(BD-Fe)
= 2:1 and (NaOH-Al):[(NH4Cl-P) + (BD-P)] = 14:1 did
not respectively meet the proposed threshold of 3:1 and
25:1, which were summarized from statistics of natural
lake sediment that suppressed anoxic P release (Kopáček et
al., 2005). However, the Al dosage used here was sufficient
to suppress P release, even though a high level of dissolved
organics also competed for the adsorption sites on Al
hydroxides (de Vicente et al., 2008), as indicated by the
overlying watercolor comparison. Furthermore, Al addi-
tion reduced the gas emission rupture of the sediment
surface.
It is also noteworthy that, in this study, Al floc was

dispersed in the sediment to simulate natural lake
sediments that are rich in Al (Kopáček et al., 2005), rather
than precipitated as a floc layer over the sediment. First, the
floc layer coverage can be readily removed by hydrological
disturbance, such as anoxic gas emission and aeration from
the top. Second, the floc layer directly exposes large
surfaces of amorphous Al hydroxide to the water phase,
such that elevated (or lowered) pH may induce consider-
able Al dissolution. In natural catchment lake ecosystems,
Al in the acidic flows forms colloidal hydroxides by the
carbonate buffering system and bio-generated alkalinity in
the lake and consequently stabilized P in the sediment
(Kopáček et al., 2005). Accordingly, for P immobilization
and color reduction (Egemose et al., 2010) of water bodies
with controlled water sources (e.g., the studied golf course
landscape lakes), Al addition may be implemented in a
continuous low dosage (Malecki-Brown et al., 2010) in the
water supply, rather than in a one-time large-scale Al
dosing on the lake surface. The latter may cause a sudden
alkalinity drop and aquatic community disturbance (Stein-
man and Ogdahl, 2008).

4.3 Presence and conversion of biogenic P

With 31P-NMR spectroscopy, Hupfer et al. (2004) detected
a major portion of the non-reactive P as polyphosphates in
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NaOH-EDTA extracts of lake sediments. The 31P-NMR
study also showed that acetate addition under oxic
conditions stimulated orthophosphate uptake and conver-
sion into polyphosphates by sediment microbes (Khosh-
manesh et al., 2002; Zhang et al., 2016). However, in this
study, no polyphosphate was detected, despite that NMR
sample preparation was modified with additional proce-
dures to minimize the polyphosphate degradation. On the
one hand, therefore, polyphosphates were not an abundant
component, if any, of the sediment P pool in the
investigated constructed landscape lakes. On the other
hand, OC addition under oxic conditions had little benefit
for P immobilization but instead led to a series of adverse
effects such as water quality deterioration, sediment
surface disruption, and even P release. This disparity
over original presence and stimulated the formation of
polyphosphates in the sediment demonstrates the differ-
ence among water systems- natural lakes (Hupfer et al.,
2004; Ahlgren et al., 2011; Read et al., 2014), wetland
(Khoshmanesh et al., 2002) and constructed lakes (Liu et
al., 2009).
Similarly, the result of this study clears the doubts on the

presence and conversion of phytate in constructed lake
sediment. In some early reports on lake sediments, the
crowded and broadened peaks in the P-monoester region
were assigned as phytate, which was traditionally
considered as the most abundant P-monoester in soil and
sediment (Ahlgren et al., 2006; Reitzel et al., 2006; Zhang
et al., 2009). However, spiking experiments showed the
absence of phytate in some soil (Smernik and Warwick,
2007) and sediment (Liu et al., 2009) samples. In the
simulative experiment of Suzumura and Kamatani (1995)
on marine sediment, amended phytate almost completely
decomposed within 40 days under anoxic conditions. They
proposed the mechanism to be the enzymatic hydrolysis
after phytate was dissolved from Fe complexes under
anoxia. However, since NaOH-EDTA mainly liberated P
that was bound to Al and organic matrices, it is not
surprising that phytate could ward off enzymatic attacks
through immobilization with Al hydroxides, which are
inert to redox conditions. Based on the fact that phytate
signals were absent in original sediment samples, and the
added phytate was rather stable under a variety of
conditions, we propose that the phytate amount in the
original lake sediment was negligible. Among biogenic P
compounds in the environment, phytate has some
distinctive properties, such as exceptional chemical
stability and strong binding capacity with metals (Turner
et al., 2002). Hence, sediment restoration strategies based
on phytate conservation should be used only if the
presence of phytate is verified.
Although quantifications of biogenic P species in soil

and lake sediment samples have been done in numerous
previous studies, 31P-NMR spectroscopic analysis on
alkaline (e.g. NaOH, NaOH-EDTA, etc.) extracts may

not be suitable for quantifying the dynamic conversion of
biogenic P. First, to obtain an adequate amount of P but a
limited amount of extraction chemicals (in large excess of
P and causing solubility and viscosity issues) in the 31P-
NMR sample, the extractant/sediment ratio is relatively
low (Liu et al., 2009; Ahlgren et al., 2011; Qu et al., 2019)
compared to the fractionation extraction, where multiple
rinses with high extractant/sediment ratios (Liu et al.,
2009) were used to ensure a sufficient extraction of P for
quantitative analysis. In this study, fractionated NH4Cl-P,
BD-P, and NaOH-P showed dynamic changes during the
simulation, but NaOH-EDTA extraction only recovered
52%–80% of (NH4Cl-P) + (BD-P) + (NaOH-P). Bai et al.
(2009) also noticed that organic P extracted for 31P-NMR
analysis was only a small fraction of the total sediment P.
Second, the different recovery ratios of the phosphonate
reference (Table 2) suggest that P species could enter other
mineral bound forms, which are relatively resistant to
NaOH-EDTA extraction. We found in earlier tests (data not
shown) that NaOH-EDTA extraction could not effectively
liberate Fe or Mn-bound P in the sediment samples.
Therefore, the NaOH-EDTA extracted P may not fully
represent the biogenic P profile in the sediment. Recent
studies on methodologies also revealed that the amount of
extracted P and fractions of each biogenic P species were
greatly affected by extraction chemicals (Ding et al.,
2010b), extraction procedure (Ahlgren et al., 2007; Ding et
al., 2010a) and even sample pretreatment (Cheesman et al.,
2007). The spiking analysis showed that some major
monoester-P compounds were possibly generated from
diester-P (e.g., phospholipids) hydrolysis during the alka-
line extraction (Doolette et al., 2009). In addition, for an
accurate quantification for each biogenic P species, it is
necessary to allow full P nucleus relaxation times
(McDowell and Cade-Menum, 2006) and obtain sufficient
signal to noise ratios (Cade-Menum et al., 2006), which
however the majority of previous studies did not fulfill
because substantially long instrument time might be
needed. Therefore, we propose that 31P-NMR can be
used for qualitative analysis to identify the presence of
certain characteristic biogenic P species, such as phytate
and polyphosphates. However, the dynamic P transforma-
tion in the sediments may not be appropriately quantified,
due to the potential misinterpretation by so many factors
mentioned above.

5 Conclusions

Al, OC, and DO had various influences on the P
transformation at the sediment-water interface. Al showed
dominant effects on P immobilization from overlying
water and sequestration in the sediment. Elevated Al
content in the sediment also reduced the color and turbidity
of the overlying water, as well as the anoxic gas emission
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from the sediment. OC addition in the water did not cause
apparent biological P immobilization; instead, it increased
P release from Al-deficient sediments, caused water quality
deterioration, and promoted anoxic gas emission. Aeration
can improve the water quality and prevent BD-P decrease,
but using aeration alone could not effectively prevent
sediment P release. The pH changes under all simulations
did not cause Al dissolution into overlying water. Adding
sediment Al would be effective and safe for P control if the
external P pollution is cut off. Due to the limitations of
current 31P-NMR analysis methods, dynamic changes of
biogenic P species could not be quantified to identify the
influences of the three simulative factors. However,
qualitative conclusions can be made on the absence of
polyphosphates and persistence of the spiked phytate in the
sediments under all simulation conditions. Therefore, OC
addition and aeration could not promote the biological
conversion of P into sediment polyphosphates as occurred
in other aquatic systems. As a relatively stable monoester P
compound, phytate probably not contributed to a sig-
nificant fraction of P in the original lake sediment. These
simulative studies provide useful information on P
transformation in constructed lake systems. Corresponding
engineering approaches, especially the Al addition strat-
egy, warrant further detailed investigations in both
laboratory- and field-scale studies.
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