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a b s t r a c t
LMB is a widely utilized material for the management of sediment-derived phosphorus (P) in eutrophic
lakes. However, the properties of organic P at the sediment-water interface and the effect of LMB on organic P fractions in sediments are still unclear. The batch studies reported here indicate that LMB has
good adsorption properties toward organic P (Glucose-6-phosphate), and the tentative adsorption
mechanism relies on chemisorption. Laboratory microcosmic experiments were conducted to study the
immobilization effect of LMB on the organic P in water and sediments. The results indicated that the concentration of total P, labile P and organic P in overlying water and pore water could be effectively reduced
by LMB capping of sediments. After treatment, the optimal immobilization effects appeared on the 7th
day and until the 60th day. However, the fractions of organic P change during the capping time. Active
organic P eluted with NaHCO 3 transforms into moderately labile or non-labile P through the physical
and chemical processes, as well as microbial action. Microbial community analysis showed that the addition of LMB had inhibitory effect on the phosphorus-solubilizing bacteria, which also affected the transformation between various forms of organic P. This study provided new insights of LMB in situ capping of
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organic P and the mechanisms of the migration and cycling of internal organic P, which is beneﬁcial for
the management of eutrophic lakes.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Phosphorus (P) is considered as a determining factor for the lake eutrophication (Azam et al., 2019; Huser et al., 2016a, 2016b). Excessive P
can accelerate the growth of algae which results in a deterioration of the
water (Schindler et al., 2008, 2016). It is also harmful to the growth of
aquatic animals and plants. Due to the effective control of external inputs, internal release of P has become the main contributor to P loading
in water (Zhang et al., 2019; Paytan et al., 2017; Søndergaard et al.,
2013).
Organic P (OP) is a potential source of internal P which has risk to release to the water (Hu et al., 2020; Ahlgren et al., 2007, 2011; Ni et al.,
2019; Zhu et al., 2018). However, due to complex composition and
structure it is difﬁcult to gain a comprehensive knowledge on organic
P sources (Turner et al., 2005). The dynamics of organic P in sediment
is mainly controlled by deposition and remineralization of Pcontaining organic matter, which transform the nonactive to active organic P species (Lü et al., 2016). The active organic P species can migrate
directly to the water, or through the generation of labile inorganic P species causing the internal pollution (Joshi et al., 2015). Various fractions
of organic P are well-known, and it is mainly present in the form of
humic fractions (Bedrock et al., 1995). Chemical sequential extraction
is a commonly used method to evaluate the relative concentrations,
forms, and distribution of organic P in the soils or sediments (Ivanoff
et al., 1998). This method can separate several forms of organic P including active, moderately active and non-active form. Along with this, the
inter-conversion of organic P species can be studied.
31
P NMR spectroscopy can classify organic P into several groups: inorganic orthophosphates, pyrophosphates, polyphosphates, organic
phosphomonoesters and phosphodiesters (Yuan et al., 2019; Bai et al.,
2009; Shinohara et al., 2012). Different organic P species can be found
as directly bound to other organic compounds and undergo conversion
as environmental conditions change, or in the presence of microbial
communities (Brussaard and Juma, 1996). Microbial community is an
important factor affecting the distribution of organic P. The change of
community will lead to the species change of organic P. Meanwhile,
the change of organic P species will change the surrounding biological
community (Hamady et al., 2010). For example, organophosphorusdegrading bacteria promote the decomposition of phosphoruscontaining organic compounds (Zhang et al., 2017). Along with this, enzymes alkaline phosphatases synthesized by heterotrophic bacteria and
eukaryotic phytoplankton catalyze the hydrolysis of organic P compounds which facilitate the conversion of organic P into inorganic P
(Zhang et al., 2007).
Geo-engineering is usually applied to immobilize P in sediments by
adding the inactivating agents (Spears et al., 2014). Various capping
agents containing aluminum, iron, calcium, zeolite, and lanthanides
have been utilized as inactivating agents for restoration of lake water
and sediments (Kuster et al., 2020; Huser and Pilgrim, 2014; Immers
et al., 2014; Yin and Zhu, 2016). One of such agents is La-modiﬁed bentonite (LMB) which is proven as highly effective in controlling the release of P from sediments (Wang et al., 2017; Yin et al., 2018). The
synthesis of LMB is based on ion-exchange of bentonite cations with
La3+ ions. This material is a highly efﬁcient P binder in pH range from
5 to 9 (Haghseresht et al., 2009). LMB has been applied in over 200 waters across the world and achieved various success (Copetti et al., 2016).
However, most studies have mainly focused on the changes in total or
labile P (Wang et al., 2017; Yin et al., 2018), while limited information
on the function of LMB capping on immobilization of organic P in

amended sediment are available. Therefore, the potential differences
in release characteristics between various organic P forms may have
been ignored. Compared to the application of LMB on TP and SRP, current literature lacks comprehensive studies on the inﬂuence of LMB on
organic P. This study introduced LMB as promising adsorbent for the
treatment of organic P, and this topic deserves further in-depth studies.
In this study, adsorption kinetics and isotherm tests were conducted
to observe the characteristics of organic P upon treatment with LMB. A
long-term incubation with sediment cores was performed to study the
changes at the sediment-water interface (SWI). The concentration and
distribution of organic P in the water column and at the surface of sediment were measured at different stages, before and after the in situ
capping with LMB. The speciation of organic P was using sequential elution and 31P NMR methods at a vertical resolution of 1 to 2 cm. The vertical, two-dimensional distribution of labile P species was studied by
diffusive gradients in thin ﬁlms (DGT) technique using a Zr-oxide binding gel. Finally, the structure of microbial community and its correlation
with the organic P transformation was interpreted.

2. Materials and methods
2.1. Site description and sample collection
Taihu Lake is the 3rd largest freshwater lake in China, located between 30°55′40″–31°32′58″ N and 119°52′32″–120°36′10″E. Taihu
Lake is situated in the Changjiang (Yangtze) delta, with the surface
area 2338 m2, mean depth 1.9 m, and the maximum depth 2.6 m. The
water quality has been seriously affected during the rapid economic development of surrounding cities, especially in the north regions (Wang
et al., 2015). The frequency and intensity of algal blooms in Zhushan Bay
and Meiliang Bay have increased since 1980s. Preliminary investigation
of surface sediments of Lake Taihu showed that the highest concentration of organic P has been found in the sediments of Zhushan Bay (Bai
et al., 2009). Therefore, all samples used in this research were collected
at the site in Zhushan Bay (120°14′1″E, 31°27′0″N).
Twenty samples of sediment cores were taken with the gravity core
sampler (φ 8.4 cm × 40 cm) in March 2018. The depth of sediment cores
was over 20 cm, and the samples were taken along with the overlying
water. The sampling tubes with sediment cores were stored vertically,
and transported carefully to avoid any disturbances. All samples were
transported at low temperatures and delivered to the lab within 24 h.

2.2. Sorbent preparation and characterization
LMB used in this study was supplied by Phoslock Water Solutions
Pty Ltd. (PWS). The chemical composition and microstructure of LMB
were determined by SEM (S-3400 NII, Hitachi Co. Japan), energydispersive X-ray analyzer (EX-250，HORIBA Co.) and XRD (X'TRA,
ARL Co. Switzerland). FTIR spectra were recorded within
4000–400 cm−1 range on IS50 spectrometer (Thermo Fisher Scientiﬁc,
U.S.A.) to analyze the functional groups of LMB before and after the adsorption of P. Glucose 6-phosphate (G6P, C6H13O9P, Sigma-Aldrich) was
selected for preparation of the organic P solution in batch experiments.
The solutions were prepared with deionized water (DI-H2O), with
0.01 M KNO3 as a supporting electrolyte. Before use, glassware and plastics was washed with DI-H2O.
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2.3. Batch sorption experiments
2.3.1. Kinetics of organic P removal
A standard solution of organic P (200 μg L−1) was obtained by dissolving G6P in DI-H2O. A 40.00 ± 0.02 mg mass of LMB was accurately
weighed in a centrifuge tube (50 mL) in three duplicates. Afterward,
20 mL standard organic P solution was added into each tube, and the
pH was adjusted to 7. The tubes were shaken in a thermo shaker at
25 °C. The samples were collected at 1, 3, 5, 10, 30, 60, and 120 min,
and ﬁltered for the determination of organic P.
Two typical kinetic models were used to further analyze the adsorption process:
ln ðQ e −Q t Þ ¼ ln Q e −k1 t

ð1Þ

t
1
t
¼
þ
Q t k2 Q e 2 Q e

ð2Þ

where t is the adsorption time (min), Qt is the adsorption capacity at
time t (mg g−1), Qe is the equilibrium adsorption capacity (mg g−1),
k1 (min−1) and k2 (mg−1 min−1) are the pseudo-ﬁrst and pseudosecond-order rate constants, and could be determined from linear ﬁts
of eqs. 1 and 2.
2.3.2. Isotherm experiments
A mass of 40.00 ± 0.02 mg of LMB was mixed with various concentrations of G6P (2, 10, 20, 40, 100, 200 μg L−1) in 50 mL centrifuge tubes,
and the pH was set to 7. The tubes were kept into temperaturecontrolled shaker (25 °C, 200 rpm) for 24 h. Afterward, the solutions
were centrifuged, ﬁltered and analyzed for the content of phosphorus.
Langmuir and Freundlich models were applied to characterize the
adsorption capacity of LMB toward organic P.
Q ¼ K l Q m C e =ð1 þ K l C e Þ
1

Q ¼ K f Ce n

ð3Þ
ð4Þ

where Q is the amount of organic P adsorbed on LMB (mg g−1), Qm is
the maximum ﬁtted adsorption capacity (mg g−1), Ce is the equilibrium
P concentration (mg L−1), Kl and Kf are the equilibrium adsorption constants (L mg−1), which indicate the capacity of the adsorption, and n is a
constant, where 1/n is proportional to the adsorption strength.
2.4. Active capping experiments of sediment cores
2.4.1. Pretreatment of sediment cores
Upon transport to the lab, the sediment cores from the same site
were all adjusted to a length of 20 cm. All tubes were incubated in a
large plastic container (500 L) ﬁlled with tap water, and kept at 25 °C
using a circulating water bath. Overlying water was moved out of the
tube, and the sediment cores were capped with LMB. Then the overlying
water was slowly reloaded into the cultured column with a uniform
height of 15 cm, to avoid re-suspension of the capping layer.
LMB contains 5% La (w/w), which chemically adsorbs P through the
formation of mineral rhabdophane (LaPO4·H2O) where La:P ratio is 1:1
(Slade and Gates, 1999). The LMB dosage necessary for the inactivation
of sediment P was calculated from the amount of mobile P (the sum of
labile P, iron bound P and organic P) in the top layer of sediment
(0–5 cm) according to Rydin (Rydin et al., 2000).
The time-intervals were ﬁxed at 7, 15, 30, 60 and 90 days. For each
period, two sediment cores were set as a group. One was capped with
LMB and the other was kept as a control without LMB. The overlying
water was reﬁlled every 2–3 days to keep the original depth (15 cm).
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2.4.2. Sampling of DGT and sediment stratiﬁcation
A Zr-oxide DGT probe (www.easysensor.net, Nanjing, China) was
inserted into the sediment core and left for 24 h in every period. The
Zr-oxide DGT provides accurate measurements of labile P at high resolution in the top 15 cm of the sediment. After pulling out the DGT
probes, the ﬁlter membrane was washed thoroughly with DI-H2O to remove the adhered sediment and then kept moist into the sealed plastic
bags until the analysis. At the same time, the overlying water was collected for each sample for quantiﬁcation of total phosphorous (TP)
and soluble reactive phosphorous (SRP). For each time period, one sediment core was taken for stratiﬁcation. The sediment was sliced with
1 cm interval in the top 4 cm, and 2 cm interval between 4 and 12 cm.
Sediment slices were stored in sealed bag at −20 °C, freeze-dried,
ground, and passed through a 100-mesh sieve, sealed and stored for
later analysis.
2.5. Organic P fractions
The method for the organic P fractionation is based on the modiﬁed
procedure of Ivanoff et al. (1998), which classiﬁes organic P as labile,
moderately labile or non-labile fraction. The labile organic P (LOP),
also known as loosely sorbed organic P, is extracted from the sediment
with 0.5 M NaHCO3 (pH 8.5) (NaHCO3-Po). Moderately labile organic P
(MLOP) is extracted with 1.0 M HCl (HCl-Po), and then treated with
0.5 M NaOH. Acidiﬁcation of NaOH extract with conc. HCl until pH 0.2
separates Humic\\Po and Fulvic\\Po as supernatant and precipitate, respectively. The nonlabile fraction (NOP) was obtained by ashing the
solid residue from NaOH extraction at 550 °C for 1 h and subsequent dissolution in 1 M H2SO4. Subtraction of inorganic P (IP) from the amount
of TP provided the amount of organic P. Organic P and TP were analyzed
before and after digestion by K2S2O8. All experiments were done in triplicates, and the average values are reported.
2.6. 31P NMR analysis
Prior to 31P NMR analysis (Bruker AV500(SB), Bruker Co.,
Switzerland), samples were pre-treated using the following procedure
(Bai et al., 2009). A mass of 2 g each sediment sample was extracted
with a solution of 0.05 M EDTA in 0.25 M NaOH at 1:8 (m:v) ratio for
16 h at 20 °C. An aliquot of extract was taken for TP and IP analysis,
while the remaining solution was freeze-dried until the volume was
1/10 of initial, and stored at −20 °C before 31P NMR analysis (Turner
et al., 2003). Just before recording the NMR spectra, the precipitate
was separated from solution using a centrifuge (10,000 rpm for
10 min). An aliquot of D2O was added into the solution for signal lock.
The standard cavity 5 mm BBO probe was used. The 31P spectrum was
recorded using the following parameters: resonance 242.739 MHz,
pulse time 5.9 s, cycle delay 3 s, and taking 20,000 scans at 20 °C. All
31
P chemical shifts refer to 85% H3PO4 and MestReNova software was
used for signal processing.
2.7. Detection of microbial diversity in sediments
The surface layer (exclude of the LMB layer) of 0–1 cm fresh
sediment was collected and stored in −80 °C for detection of Highthroughput sequencing and microbial diversity as soon as possible. Genomic DNA. of samples extracted by 1% agarose gel electrophoresis. The
detection and analysis of DNA information was conducted by Covaris
M220. Beta diversity analysis was performed on four sediment samples
before and after treatment of LMB capping (0, 7, 15 and 60 days), and
the difference between samples were calculated using Mothur software.
This method is based on weighted Unifrac which using evolutionary information between sample sequences to compare whether environmental samples have signiﬁcant microbial community differences in
speciﬁc evolutionary lineages (Hamady et al., 2010). The similarity between the microbial communities of two samples was indicated by
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longitudinal clustering. If two clusters are close to each other, this indicates that the species are similar in composition and abundance of
microbiome.

the adsorption rate decreased due to saturation of La-OH adsorption
sites. Once adsorbed, OP can form precipitate on the surface or undergo
pore diffusion to the interior of adsorbent (Ooi et al., 2017; An et al.,
2019).

2.8. Sample analysis and calculation
The IP and TP in water and extracts were quantiﬁed spectrophotometrically (752, Shanghai Jinghua Co., Ltd., China) using the molybdenum blue method and measuring the absorbance at 700 nm (Murpht
and Riley, 1962). TP and IP in the overlying water were measured on
the 7th, 15th, 60th, and 90th day after LMB capping, and compared
with the blank experiments (without capping). The concentration of organic P was calculated by subtracting IP from TP. The pH of all samples
was measured by YSI ProPlus device equipped with a pH probe
(America YSI, proplus 2030). The imaging of Zr-oxide DGT samples
was performed to obtain 2D proﬁle of DGT-labile P fraction in the overlying water-sediment following the previously described procedure
(Ding et al., 2015).
Time-averaged concentration of P or its ﬂux is generally taken as an
information for interpreting the DGT data (Zhang et al., 2014). In this
study, a 100 μm-thick diffusion layer allowed the quantiﬁcation of
DGT-labile P with sub-millimeter resolution. In such cases, DGT results
should be interpreted as time-averaged ﬂux (FDGT, μg cm−2 s−1)
(Santner et al., 2015), according to Eq. (5):
F DGT ¼

M
At

ð5Þ

where M is the accumulated mass of P over time (μg), A is the exposure
area of the gel (cm2), and t is deployment time (s).
3. Results and discussion
3.1. The structure of synthesized LMB
The mineralogical composition and microstructure of synthesized
LMB were determined by SEM-EDS and XRD methods (Fig. 1). Main
components of LMB are α-quartz and montmorillonite (Fig. 1A). The
wide peak of montmorillonite indicate that the particle size is uniform
distributed. This characteristic peak corresponds to La (OH)3 (Meis
et al., 2013). The SEM image of LMB (Fig. 1C) shows irregular, lamellar,
agglomerated structure, with the uneven particle size distribution and a
large speciﬁc surface area. The elemental analysis by EDS (Fig. 1B)
shows the predominance of SiO2 (14.06% by weight) and relatively
high abundance of La. The presence of cations such as Mg2+, Na+,
Al3+ and K+ is also conﬁrmed, which is important for ion-exchange
properties of LMB as these cations are weakly bound and dissociate easily. This structure provides a few of adsorption sites which enable the
good chemical adsorption of organic P by LMB (Yin et al., 2018;
Copetti et al., 2016).
3.2. Adsorption characteristics of organic P by LMB
3.2.1. Adsorption kinetics of organic P
The results of the adsorption kinetics of organic P on the LMB are
presented in Fig. 2. The adsorption process undergoes a rapid adsorption stage and followed by a slow stable stage. The initial stage is characterized by the rapid adsorption, where 90% of G6P (8.14 mg g−1) is
adsorbed within ﬁrst 5 min. In the second stage, a slow increase in adsorption capacity was observed, and equilibrium is maintained until
300 min. Fitting the adsorption data into both pseudo-ﬁrst-order and
second-order kinetics model yielded the statistically signiﬁcant equations with high R2 (0.998).
From the results of adsorption kinetic it can be concluded that LMB
undergoes a rapid ion-exchange reaction with the organic P on the surface, with 90% removal efﬁciency after 5 min. Over 5 min of incubation,

3.2.2. Adsorption isotherms of organic P
Langmuir and Freundlich models are two commonly used models to
ﬁt the sorption data and elucidate the sorption mechanism (Chen,
2015). The sorption isotherm obtained for different concentrations of
organic P is given in Fig. 3. The results show that the amount of adsorbed
P increases with the increase in LMB concentration and the model gives
the maximum sorption capacity of about 9.63 mg g−1. Compared with
the Freundlich model (R2 = 0.9269), the Langmuir model (R2 =
0.9901) can better describe the adsorption pattern indicating that the
adsorption of organic P is dominated by monolayer adsorption (Yin
et al., 2018). The results show good adsorption properties toward organic P, which indicate that LMB can be widely applied for efﬁcient capping or inactivation of organic P.
3.3. Concentration and morphology of organic P at the SWI in incubation
experiment with LMB capping
3.3.1. Changes of organic P concentration in overlying water
The concentration of TP and IP in the non-capped water column
gradually increased to 15% and 36% at the 30th and 90th day, respectively. The concentration of organic P (OP) increased up to 30th day,
reaching 15% higher amount than the initial, while longer incubation
times decreased the OP content. Upon treatment of sediment cores
with LMB the concentration of TP, IP and OP decreased rapidly, where
the lowest amounts of TP and IP were observed on the 7th day. At the
same time, OP decreased for longer period of times, reaching the lowest
amount on the 60th day (77% lower than initially). Finally, on the 90th
day the OP concentration slightly increased and reached the same level
as on the 7th day.
The sediment-water interface is the most important area for the exchange of various elements between sediment and water (Murniati
et al., 2017). The concentration of P in overlying water can be effectively
controlled by modifying the amount of P at the interface (Huang et al.,
2016). The amount of P in the overlying water shows the opposite pattern for capped and uncapped sediments. Concentration of TP, IP and OP
increased gradually upon incubation with non-capped sediment at
25 °C. Therefore, the contaminated sediments act as the source of P in
sediments and release it into the overlying water (Huser et al., 2016a,
2016b; Chen et al., 2018). The probable reason for the P release is the
metabolic activity of microorganisms in the simulated aqueous environment, which promote mineralization and anaerobic transformation of
the organic matter (Latif et al., 2018; Li et al., 2019). The activity of microorganisms consumes oxygen from the surface of sediment,
converting it into anaerobic state which facilitates the P release (Chen
et al., 2018). Addition of LMB over the surface of sediments rapidly decreased TP, IP and OP via high sorption capacity of the capping layer.
Total organic P decreased sharply after 7 days treatment in the whole
vertical proﬁle with the prolonged incubation time, a part of IP and TP
is released in water while OP level is kept low with slowly increasing
all the time. This indicates the efﬁciency for OP capping over a long period of time. The increase at the later stages (90 days) was observed, so
60 days is the optimal immobilization time for the OP with LMB. This increase probably originates from the anoxic conditions at the bottom of
the sediment formed with the prolonged incubation (Vopel et al.,
2008), which could have triggered the release of the reductant-soluble
P bound in the LMB. (See Fig. 4.)
3.3.2. Change of DGT-labile P in the vertical proﬁle
Signiﬁcant differences were observed between 2D DGT-labile P proﬁles of sediments obtained before and after LMB capping (Fig. 6). Prior
to capping, higher values of DGT-labile P ﬂux were observed in the
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Fig. 1. The characteristics of LMB determined by SEM-EDS and XRD methods. 1A: Q represents α-quartz; M represents montmorillonite; L represents La (OH)3.

overlying water and top 50 mm sediment layer. After addition of capping agent, DGT-labile P ﬂux in both regions decreased signiﬁcantly.
More speciﬁcally, the largest drop in DGT-labile P ﬂux was observed
on the 15th to 60th day, while prolonged equilibration (90th day)
returned to the initial level. After 90 days, the ﬁnal amount of labile P
in water was only 28% of the control.
The total organic P in the surface sediment was reduced after the addition of LMB (Fig. 5). This effect might be explained by the direct

adsorption of OP by LMB, or conversion of OP to the IP and subsequent
release (Wang et al., 2017). With the increase in equilibration time upon
capping, the concentration of DGT-labile P in the surface sediment decreased which probably means diffusion of labile P toward top sediment
layer increased. Prior to the amendment, DGT-labile P conﬁrmed the
diffusion from SWI to the middle depths. This indicates that the labile
P is released from the sediment to the water, i.e. sediment acts as a
source of P (Ding et al., 2015). This effect might be explained by the

Fig. 2. Adsorption kinetics of organic P on LMB.

Fig. 3. Adsorption isotherm of organic P along with the Freundlich and Langmuir model ﬁt
lines.
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Fig. 4. Concentration of TP, IP and OP in the overlying water with uncapped and LMB capped sediment, at various incubation times.

transition of the surface of sediment from oxic to anoxic (Vopel et al.,
2008). The reductive cleavage of P-rich Fe (oxyhy) oxides results in
the release of P (Ding et al., 2016). With the increase in treatment
time, the DGT-labile P decreased sharply in the upper 45 mm depth of
the sediment and this last to the 90th day. This area can be considered
as static layer in the vertical proﬁle where the concentration is the lowest (Wang et al., 2017). With the prolonged time, the activity of LMB becomes more pronounced in deeper sediment layers. After 60 days, the
concentration of labile P at the sediment depth to 120 mm was the lowest. At the 90th day of incubation, the concentration of labile P at the
bottom gradually increased. DGT-labile P can be regarded as the bioactive phosphorus in which a part of P belongs to the active OP (Liang

Fig. 5. Time-dependent changes in total organic P in the vertical sediment proﬁle capped
with LMB.

et al., 2017). Variations of DGT-labile P can indicate the changes of the
active OP in the sediment.

3.3.3. Changes in organic P fractions upon capping with LMB
The changes in organic P speciation at different times are given in
Fig. 7. Before LMB application (0 day), NaHCO3-Po which belongs to labile organic P and HCl-Po which belongs to middle labile P accounted
for 18% and 42% of the TP, respectively. After 7 days capping, two fractions decreased to 6% and 33%, respectively. And then, gradually increased from 15th to 60th day. In contrast, the Humic-Po and Fulvic-Po
showed an opposite trend, the content ﬁrstly increased from 13% t'o
27% and 24% to 32%, respectively, and then decreased. While the concentration of residual-Po showed only a minor change upon capping.
On the 90th day, TP and all fractions of OP were slightly increased.
The fractions of OP undergo greater changes in the surface sediment
(0–4 cm depth) compared to deeper layers. Before application of LMB,
the relative ratio of P specied followed the trend: Humic-PoNHClPoNFulvic-PoNNaHCO3-PoNResidual-Po. NaHCO3-Po is the organic P species which ﬁrst undergo mineralization and subsequent release into
water and adsorption by LMB (Yuan et al., 2019). On the 7th upon capping, NaHCO3-Po decreased by 70.27% compared with the control sediment. This result indicates that the addition of LMB can signiﬁcantly
reduce the NaHCO3-Po and reduce the risk of release of active organic
P species to overlying water. With longer incubation times, NaHCO3Po slowly increased and on the 90th day the average content was
47.34% lower than originally. The increase of NaHCO3-Po might be explained by the experimental conditions which promote the activity of
microbial strains. The strong biological activity transforms non-active
organic P into active and moderately active organic P (Yuan et al.,
2019), resulting in slow increase of NaHCO3-Po fraction.
The HCl-Po fraction decreased at the beginning of incubation period,
followed by the increase at longer times but with smaller ﬂuctuations
compared to NaHCO3-Po. This fraction is classiﬁed as moderately active
organic P, which is less mineralized and easier to decompose and utilize
by plants (Bowman and Cole, 1978). Most of the speciﬁc components of
HCl-Po under certain conditions undergo hydrolysis or mineralization to
form dissolved phosphorus species which easily diffuse through pore
water (Reitzel et al., 2005). In the early stage, a certain amount of moderately active organic P was adsorbed due to the strong adsorption capacity of LMB. At longer incubation times, the adsorption sites are
gradually saturated which reduces the adsorption capacity (Yin et al.,
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Fig. 6. 2D vertical changes of DGT-labile P ﬂux in the SWI, capped with LMB, for different equilibration times.

2018). At the same time, part of the active organic P began to transform
into moderately active species resulting in the increase of HCl-Po.
The variation of Fulvic-Po fraction in the surface sediments was
small. The present study showed that the Fulvic-Po fraction was sensitive to environmental factors. It is also a potentially highly bioavailable
fraction which might signiﬁcantly contribute to P content in water
(Zhang et al., 2007). As can be seen from Fig. S2, Fulvic-Po in the blank
group is reduced over time due to continuous upward release to
water, while this fraction remains relatively stable in the capping
group. Therefore, we conclude that the addition of LMB prevent the
transformation of Fulvic-Po into the active organic P species, thereby reducing the potential for release to overlying water. The exact mechanism how LMB acts on Fulvic-Po should be further studied.
With the addition of LMB, Humic-Po fraction gradually increased
until the 15th day and then decreased to the original. Humic-Po represents an inactive organic P which is not easy to transform and release,
and is hard to be directly utilized by organisms (Zhu et al., 2017). The

Fig. 7. The ratio of each species of organic P to total organic P in various stages after
application of LMB.

trend observed in the ﬁrst 15 days might be due to the conversion of active organic phosphorus. However, during the incubation the action of
microbials converts the non-active species back into the active. Our results showed the stability of Humic-Po during the long time period. The
residual-Po accounts for a small part of total organic P, and remained
stable during the whole experiment. (See Fig. 8.)
3.3.4. 31P NMR analysis
Further characterization of organic P obtained from SWI upon LMB
capping was done by 31P NMR spectroscopy. The four classes of OP compounds were structurally characterized from the NaOH+EDTA extracts
of the surface layer (0–1 cm) of both uncapped and capped sediments
(Fig. 9): orthophosphates, orthophosphate monoesters, phosphatediesters (DNA-P) and pyrophosphates.
The amount of TP in the extract dropped by 39.80%, from
77.03 mg L−1 to 46.37 mg L−1 upon capping with LMB. The 31P NMR
analysis revealed that TP was mainly composed of orthophosphate,
which accounted for 69.52% and 75.16% for untreated and treated sediments, respectively. The amount of four OP classes (orthophosphates,
pyrophosphates, P-monoester and DNA-P) decreased by 34.92%,
37.12%, 44.74% and 70.98% after LMB capping, respectively.
The results of 31P NMR analysis showed that orthophosphate, pyrophosphate, phosphate monoesters and DNA-P signiﬁcantly decreased
after the addition of LMB. Both pyrophosphates and polyphosphates
are components of inorganic phosphorus, but polyphosphates were
not detected in these samples. Pyrophosphates have excellent availability in water and could be directly utilized by aquatic organisms, so they
are considered as highly probable trigger of algae bloom (Lü et al., 2016;
Bai et al., 2009). The content of pyrophosphate decreased by 70.98%
which greatly reduced the risk of being metabolized by algae.
Monophosphate with one carbon atom bound per each phosphorus
atom is the main component of organic P in sediment (Reitzel et al.,
2007). The bioavailability of monophosphate is lesser than orthophosphate and pyrophosphate, and this species generally does not affect
the content of P in overlying water. After the addition of LMB, the content of orthophosphate decreased but the percentage of total P increased, which was caused by mineralization of some monophosphate
in anaerobic environment (Li et al., 2019).
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Fig. 8. Time-dependent changes in organic P speciation in the vertical proﬁle of sediments capped with LMB.

3.3.5. Inﬂuence of LMB capping on microbial diversity in sediments
In this study, Beta diversity analysis was performed on four sediment samples before and after treatment of LMB capping (0, 7, 15 and
60 days), and the difference between samples were calculated. The similarity between the microbial communities of two samples was indicated by longitudinal clustering. If two clusters are close to each other,
this indicates that the species are similar in composition and abundance
of microbiome. As can be seen from Fig. 10, there is a signiﬁcant difference between capped and uncapped sediment, so LMB capping highly
affects the microbial community of sediments.
The microorganisms in two sediment samples belong to 20 classes,
20 families and 20 genera. The proportion of Betaproteobacteria is
high, with the lower proportion in capped samples (29.76%) than in

the uncapped samples (29.85%). Some species are more widely distributed, such as Burkholderiaceae (6.90%–6.93%), Pseudomonadaceae
(5.97%–6.09%), Pseudomonas (5.71%–5.82%) and Burkholderia (3.21%–
3.27%). More than 71.43% of bacteria were not identiﬁed at the genus
level. As can be seen from Table 1, Pseudomonas and Ahromobacter
show slight differences with the addition of the LMB (5.82% and 0.82%
in the natural sediment and 5.71% and 0.80% in the capped sediment),
indicating that the addition of LMB has inhibitory effect on these two
microbial strains.
The addition of LMB changes the pH in the surrounding environment
(Fig. S1) in the surface layer of sediment which caused the transition of
various microorganism species. The composition of microbial community affects the content and speciation of organic P (Zhang et al., 2007,
2017). The results given in Table 1 indicate the inhibitory effect of
LMB on Pseudomonas and colorless bacteria with phosphorus repellent
function. The organophosphorus and inorganic phosphorus hydrolytic
bacteria promote the decomposition of phosphorus-containing organic
compounds. In this mechanism, the labile P species are released from
the sediment and insoluble IP are transformed into soluble P compounds，and then be absorbed by LMB. On the other hand, reduction
of phosphorus-releasing bacteria with LMB decreases the conversion
of stable phosphorus compounds into active P species. The increase of
alkaline phosphatase activity (APA) also can promote sediment phosphorus release (Ma et al., 2018; Kalinowska, 1997). It could be explained that the changes of microbial circumstances also decreased
the concentration of APA which inhibit the release of organic P. Therefore, the addition LMB can reduce the risk of releasing organic P to overlying water. (See Fig. 11.)

4. Conclusion

Fig. 9. 31P NMR spectra of NaOH+EDTA extracts of the surface sediments (0–1 cm) in
capped and uncapped samples. a: orthophosphate; b: orthophosphate monoester; c: Pdiester (DNA-P); d: pyrophosphate.

The application of LMB to sediment in cores has demonstrated that
two main mechanisms control the migration and transformation of organic P after the addition of LMB. One is a strong chemical adsorption of
organic P by LMB as this material has large number of adsorption sites. It
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Fig. 10. Heatmap of four sediment samples (the color represents the abundance of microbiome) and Venn proﬁle of OUT (B) in different periods (A) before and after LMB capping. The
color block represents the distance value. The bluer the color indicates the closer of the distance between samples and means the higher the similarity. As the redder the color
indicates the greater the difference between samples. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

can rapidly adsorb active organic P species, resulting in a signiﬁcant decrease of organic P. The second mechanism is LMB had a certain inhibitory effect on organic P by changing the microbial environment. pH and
the composition of microbial community changed after amendment of
LMB which affect the content and speciation of organic P.
Many concerns are focused on capping effects on inorganic P. However, the migration of organic P is neglected. This study makes a ﬁrst attempt for in situ capping with LMB on the immobilization and
transformation of organic P at the SWI. It ﬁnds that LMB capping has
better inﬂuences on OP compared to IP and the good effect lasts for a
long time. It introduced that LMB as promising adsorbent for the

treatment of OP, and this topic deserves further in-depth studies.
More detailed study focused on organic P species, bioavailability, driving factors such as microorganisms and migration-transformation at
the SWI is required. Furthermore, new P-binding agents can be studied
to explore the mechanism on organic P immobilization. Also, the practical applicability of proposed method should be tested via pilot ﬁeld
experiments.
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Table 1
The relative abundance of microbial genera in sediment samples (%).

Fig. 11. The mechanism of the immobilization of organic P by LMB amendment in the
incubation experiment. Two dot line diagrams were the concentration of TP (black) and
TOP (blue) in the overlying water over the application time. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

Genus

0 day

7 day

15 day

60 day

Pseudomonas
Burkholderia
Streptomyces
Anaeromyxobacter
Thauera
Geobacter
Cupriavidus
Variovorax
Mycobacterium
Bordetella
Bradyrhizobium
Azoarcus
Other

5.82
3.21
1.92
1.68
1.39
1.55
1.31
1.20
1.19
1.16
1.05
1.09
77.43

5.74
3.20
1.89
1.66
1.52
1.28
1.28
1.22
1.13
1.13
1.11
1.12
77.73

5.71
3.27
1.96
1.69
1.39
1.40
1.30
1.24
1.19
1.13
1.14
1.06
77.53

5.45
3.19
2.04
1.65
1.36
1.42
1.27
1.19
1.27
1.12
1.17
1.07
77.79
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Appendix A. Supplementary data
Changes of pH in the overlying water in the capped and uncapped
sediment cores during the incubation; Time-dependent changes in organic P speciation of sediments uncapped with LMB; Abbreviations
and their full name in the paper. Supplementary data to this article
can be found online at doi: https://doi.org/10.1016/j.scitotenv.2020.
140342.
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