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Capping material plays an important role in P (phosphorus) control. However, P immobilization on
surface sediments due to the remediation by the capping materials has been neglected. Herein, we
conducted an experiment to research the mechanism of surface sediment on P immobilization under
new calcium peroxide material (NCPM) capping at different ratios of the sedimentary mobile phosphorus
(Pmobile, the sum of NH4CleP, BD-P and NaOH-nrP) to NCPM (1:1e1:4). The concentrations of soluble
reactive P (SRP), ammonium (NH4

þ) and ferrous (Fe(II)) in water and sedimentary P fractions were
analyzed. The study also presents the results of Langmuir isotherm model for surface sediments and
sedimentary P release under anaerobic conditions. The results show that the surface sediments under
NCPM capping improved the SRP reduction both from overlying and pore water. This was attributed to
Ca2þ precipitation and sedimentary micro-environment change from anaerobic conditions to aerobic
conditions which resulted from the NH4

þ and Fe(II) concentration reductions. This remediation increased
maximum adsorption capacity (Smax) and decreased equilibrium concentration of P adsorption and
desorption (EPC0) in those surface sediments under NCPM capping, which was favourable for P
adsorption and immobilization. The X-ray diffraction and energy-dispersive X-ray spectroscopy analyses
results confirmed aforementioned results. The conversion of P fractions from Pmobile to inert P in the
surface sediments was more obvious than control. The inert P increased from 50.15% (1:1) to 69.88%
(1:4), resulting in lower P release from the surface sediments under NCPM capping, compared with the
control. The results show that NCPM capping improved P removal and immobilization of the surface
sediments, beneficial for controlling sedimentary P release.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Phosphorus (P) has long been identified as a vital limiting
element in lake eutrophication, which has become a global envi-
ronmental problem, inducing a series of threats, including frequent
algal blooms, hypoxia and black-odor problems (Stow and Cha,
2013). Even though external P has been controlled recently, the
internal P was still released from sediments into water, hindering
the restoration of water quality (Yu et al., 2017; Wang et al., 2017;
ctive phosphorus; TP, total
; Tot-P, total phosphorus in
, Ca-bound P; Res-P, residual
), ferrous; Fe(III), ferric; NH4

þ,
0, equilibrium concentration
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Yin and Kong, 2015). Therefore, minimizing release of sediment-
bound P to water is a key factor in preventing lake eutrophication.

Different technologies have recently been developed to inhibit
the P release from sediment (Sibrell et al., 2009; Francingues et al.,
2008; Pan et al., 2012). An increasing number of researchers are
focusing on in-situ capping to inhibit internal P release. For
example, Ca-based compounds have been widely used as capping
materials to inhibit sedimentary P releasing because of conve-
nience of implementation, low cost and environmental compati-
bility. Wang et al. (2018a,b) investigated Ca-decorated biochar (Ca-
BC) with a maximum P adsorption ability of 314.22mg g�1 when
the Ca/BC mass ratio was 2:1. Yin and Kong (2015) reported that
natural Ca-rich attapulgite (NCAP700) effectively bound 34.5% of
Sediment-mobile P (Pmobile) in lake sediments via thin-layer
capping. Li et al. (2017) investigated that 90% P was prevented to
release from sediments into water when capped with calcium sil-
icate hydrates. In addition, the concentration of CaeP and
exchangeable-P in the sediments increased.
e surface sediments under the capping with new calcium peroxide
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Other studies (Yamada-Ferraz et al., 2015; Meis et al., 2013;
Wang et al., 2019) have shown that adsorption capacity and
immobilization ability of the capping materials play the most
important role in controlling sedimentary P release. However, few
investigations have focused on the remediation of surface sedi-
ments by the capping materials to improve P inhibition capacity.
Generally, the remediation of the surface sediments leads to a
change of the microenvironment in the surface sediments from
aerobic conditions to anaerobic conditions. In anaerobic condition,
insoluble oxidized Fe(III) oxides and hydroxides which possess
strong phosphate bound capability, trend to reduce to Fe(II) oxides
and hydroxides, and result in the sedimentary P release (Ding et al.,
2018; Li et al., 2017). Correspondingly, these anaerobic microenvi-
ronment conditions of sediment could cut down the ability of
capping materials to inhibit the release of P from sediment (Meis
et al., 2012). Therefore, a better capping material with the ability
to not only adsorb and immobilize P but also remold the surface
sediments to provide long-term P retention is needed.

CaO2 is a promising material that may solve many environ-
mental problems (Huang et al., 2019) and satisfy the aforemen-
tioned requirements. However, due to its quick release of oxygen,
ability to increase the pH and the physical barrier formed when
reacting with water which induce the weak permeability of O2 to
sediments, CaO2 has not been widely used as a capping material
(Fox and Tuchman, 1996). Therefore, increasingly modifications
based on the combination with other substances to retard the
release rate of CaO2, H2O2 and O2were developed. Zhou et al. (2019)
found that when the mixing ratio of CaO2: water purification
sludge: cement blend was 5:3:2 and made into pies extended the
supplement of oxygen and promoted the transformation of
immobilized P. These previous studies suggest that CaO2 mixed
with water purification sludge and cement is a better choice for
retarding the quick release of oxygen. However, less information is
available about the change of the sedimentary microenvironment
in the surface sediments under the capping of the materials with
oxygen supply and its effects on the adsorption and immobilization
of sedimentary P.

Compared with other oxygen generators (Ashley et al., 2008;
Müller and Stadelmann, 2010), CaO2 has another distinctive prop-
erty in its ability to supplement Ca, which binds P by precipitation,
thereby promoting the transformation of Pmobile to inert-P by
enhancing the sedimentary P immobilization capacity (Hanh et al.,
2005). CaO2 can enhance the sedimentary P retention ability of
surface sediments because of the precipitation of Ca, the change of
microenvironment by CaO2 oxidation.

This study aims to investigate P immobilization under different
dosages of CaO2 as a form of new calcium peroxide material
(NCPM). The object of this study was: (1) to investigate the effect of
the NCPM on the P in overlying water and the SRP (soluble reactive
phosphorus) concentration in pore water; (2) to characterize the
change of the sedimentary micro-environment in the surface
sediment, which is described by the variations in Fe(II) (Ferrous)
and NH4

þ (Ammonium), the P adsorption by the adsorption
isotherm, and the P release under the anaerobic conditions; (3) to
assess the transformation of P fractions due to the integrated in-
fluence of the oxygen and Ca.

2. Materials and methods

2.1. Site description, sample collection and materials preparation

NCPM were produced by blending CaO2 (calcium peroxide),
WPS (water purification sludge) with cement in the ratio of 5:3:2
according to previous study (Zhou et al., 2019). NCPM were insol-
uble solid particles with 0.5 cm diameter and used for capping.
Please cite this article as: Zhou, J et al., Phosphorus immobilization by t
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Additional characteristic about NCPM reported in Zhou et al. (2019).
The water and sediments samples were collected from the canal

(N31�16023.8600, E120�37050.4300) which located in Suzhou of China
with the average depth of 2.5m. The canal is a typical eutrophic
canal due to the pollution input. Sediments were taken by the
piston sampler (Rigo Co., 84mm i.d., 500mm long) and transported
to the lab directly, put sediments through #100 aperture sieve and
stored at 4 �C in the dark. A 75-L water simple at the sediment
sampling point was sampled. The characteristic of water and
sediment samples are listed in Table 1.

2.2. External P removal experiment

Five sets of Plexiglas tubes (i.d. 84mm, height 200mm) with
15 cm height of wet sediment were used for the experiment, and
each set contained three parallel samples. The control was pre-
pared with only sediment. In term of samples E1, E2, E3 and E4, the
ratio of sedimentary Pmobile to NCPM was 1:1 (1.84 g), 1:2 (3.68 g),
1:3 (5.51 g) and 1:4 (7.35 g), respectively. Overlying water (300mL)
from sample point was siphoned into water to avoid sediments
disturbance. After equilibrium, Rhizon samplers were set into
preformed holes at depths of 1 cm, 2 cm, 3 cm and 5 cm under the
sedimentewater interface to collect pore water.

These cylinders were sampled at room temperature. The
collection of 3mL overlying water was at 2-day intervals measured
of the concentration of SRP. 3mL of 30mg P L�1 anhydrous KH2PO4
solution was added to each cube after measurement for the simu-
lation of external P input until the saturation of adsorption. 5mL
pore water were collected by Rhizon samplers for measuring con-
centration of SRP, NH4

þ and Fe(II) at 3-day intervals and raw water
from a lake was added for supplement. This experiment was last for
60 days.

At the end of experiment, Sediments were collected at different
depths after overlying water siphoned out. These sediments were
sieved through the #100-mesh sieve after dry and stored in airtight
flasks for analysis.

2.3. Batch isothermal adsorption by the surface sediments

To evaluate P adsorption capacity of surface sediments due to
the addition of NCPM, isothermal adsorption batch experiment was
set. After the external P removal experiment was finished, the
surface sediments without NCPM were taken and used for the
batch isothermal adsorption experiment. 0.5 g homogenized and
dry sediment was placed in 50mL different the initial P concen-
trations (anhydrous KH2PO4): 0, 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 4.0, 10.0,
20.0, 50.0 and 80.0mg P L�1. Sediment to liquid was at the ratio of
1:100. After mixing 30min, the pH in the overlyingwater were 5.95
(control), 6.09 (1:1), 6.20 (1:2), 6.31 (1:3), 6.49 (1:4), respectively.

Adsorption experiments performed to equilibrium (200 r min�1,
24 h, 25�±1 �C) and centrifuged (3500 r min�1, 10min) and filtered
through a 0.45 mm cellulose acetate membrane and measured P
concentrations. The P adsorption capacity of surface sediments
were expressed as the difference between the P concentration of
initial and finial and used the Eq. (1) (Jin et al., 2005) as follow. The
Langmuir model were adopted to fit the experimental data.

S¼
�
Smax,n,EPC
1þ n,EPC

�
� S0 (1)

where S (mg kg�1), Smax (mg kg�1) and S0 (mg kg�1) represent the P
adsorbed by the sediment, maximum P adsorption and P adsorbed
under ambient conditions; EPC (mg L�1) represents equilibrium
solution P concentration; n represents the constant related to the
bonding energy of P.
he surface sediments under the capping with new calcium peroxide
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Table 1
Properties of water and sediment samples from canal.

Water Sediment

DO pH TP SRP NH4
þ-N Water content LOI Tot-P

mg$L�1 mg$L�1 mg$L�1 mg$L�1 % % g$kg�1

2.12 7.27 0.48 0.23 2.16 68.30 25.10 2074.81

Fig. 1. SRP concentrations in the overlying water under the capping with NCPM. Bars
indicate SEMs (n¼ 3).
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EPC0, the P concentration at the time of equilibrium without
release or adsorption and calculated by Eq. (2):

EPC0 ¼
S0

n,Smax � n,S0
(2)

2.4. P release from the surface sediments

To examine the P immobilization by the surface sediments due
to the addition of NCPM, we conducted lab experiments of P release
from the surface sediments which came from the external P
removal experiment according to Abu-Hmeidan et al. (2018), keep
the experiment proceeding with anaerobic conditions. Surface
sediment samples were placed in a Ziploc bag after pre-treatment
(Ziploc bags were placed in 1mmol/L EDTA and boiled to remove
the metal ions during production). The 10mL distilled water was
then added to one Ziploc bag and it was sealed with clips. Each bag
was placed into a 250-mL conical flask which contains 250mL of
distilled water. The 200mL distilled water was aerated with ni-
trogen for 20min to ensure anaerobic conditions and then the flask
was sealed using the lid to avoid of the air penetration into the
flask. At last, these flasks were put into the dark. During the ex-
periments, the lab temperature kept at about 20 �C. The aimwas to
promote and force the sedimentary P release into the overlying
water. The 10mL distilled water in the flask was taken for the
measurement of SRP at the 12 h intervals and then the same vol-
ume of distilled water was replenished into the flask. The experi-
ment was run for 7 days.

2.5. Sample analysis

SRP, NH4
þ-N and Fe(II) concentrations were measured by the

molybdenum blue method, the indophenol blue method, O-Phe-
nanthroline spectrophotometric method, respectively (SEPA,
2002). Sediment P fractions measured in this study using the
method exploited by Rydin (2000), where P fractions were divided
into six types (Rydin, 2000), and using the sequential extraction
method. NH4CleP was extracted by 1M NH4Cl for 2 h; BD-P was
extracted by 0.11M Na2S2O4/NaHCO3 for 1 h; AleP was extracted by
0.1M NaOH for 16 h; non-reactive P (NaOH-nrP) was calculated by
NaOH-Tot P (The P concentration of the last step supernate after
centrifugation and oscillation) minus AleP; CaeP was extracted by
0.5M HCl for 17 h; and residual P(Res-P) was extracted by 1.0M HCl
for 16 h after 5 h ignition.The Tot-P is the sum of these P fractions.
The Pmobile concentrations in sediment were calculated as the sum
of NH4CleP, BD-P, and NaOH-nrP (Lin et al., 2017).

2.6. Data analysis

One-way analysis of variance (ANOVA) was used to determine
the difference of different NCPM dosages with respect of SRP, NH4

þ,
and Fe(II) in overlying water and pore water and NH4CleP, BD-P,
AleP, NaOH-nrP, CaeP, Res-P in sediment, p< 0.05 is considered
significant. Statistical analyses were performed by employing
Please cite this article as: Zhou, J et al., Phosphorus immobilization by th
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Statistical Production and Service Solution.
3. Results

3.1. SRP in overlying and pore water

Changes of concentration of SRP in overlying water with
different dosages NCPM capping show in Fig. 1. For the control, the
SRP concentration increased sharply to 1.65mg P L�1 with the
addition of external P and then decreased gently when the external
P addition was stopped (day 25). With NCPM capping, the SRP in
overlying water gently increased to 0.81mg P L�1 (1:1), 0.69mg P
L�1 (1:2), 0.48mg P L�1 (1:3) and 0.38mg P L�1 (1:4) (P< 0.01). The
SRP concentration remained higher in the control than under the
capping. Clearly, more addition of NCPM led to greater SRP removal.
We calculated that the amount of P which disappeared from
overlying water under NCPM capping was higher (3.97mg (1:1),
5.15mg (1:2), 6.97mg (1:3) and 8.36mg (1:4)) than the amount
that disappeared from the control (2.29mg) (P< 0.05).

Notably, the disappearance of external P was attributed to
adsorption by NCPM or by the surface sediments. However, the
storage of porewater cannot be neglected. Fig. 2 shows that the SRP
concentration in pore water kept at a high-value level in the control
than NCPM. Additionally, the concentration of SRP in pore water
increased with increasing sediment depth. Under the NCPM
capping, the concentration of SRP kept at a low-value level in the
upper layer (0e1 cm and 1e2 cm) than in the deeper layer (2e3 cm
and 4e5 cm). In the upper layer, the dosage of the NCPM strongly
affected the SRP distribution in pore water. The average concen-
tration of the SRP was 1.28mg P L�1 (Control), 0.39mg P L�1 (1:1),
0.47mg P L�1 (1:2), 0.29mg P L�1 (1:3) and 0.16mg P L�1 (1:4) in
the sediment depth of 0e2 cm, respectively (P< 0.01). By contrast,
e surface sediments under the capping with new calcium peroxide
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Fig. 2. SRP concentration of the pore water under the capping with NCPM. Bars indicate SEMs (n¼ 3).
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in the deeper layer (4e5 cm), the SRP increased gradually and the
peak value was 0.58mg P L�1 (1:4). This result is likely closely
related to the distribution of Fe(II) showed in Fig. 3.
3.2. Fe(II) and NH4
þ in pore water

Fe(II), as the representative ion of anaerobic conditions, is the
key reducing ion (Wang et al., 2019). The distribution of Fe(II) under
the capping with the NCPM is shown in Fig. 3. Clearly, the con-
centration of Fe(II) was higher in the control than NCPM. The Fe(II)
concentration in the control remained stable at different depths. By
contrast, the Fe(II) concentration under the capping gradually
decreased in the upper layer (0e1 cm and 1e2 cm) and the Fe(II)
concentration decreased with increasing NCPM dosage. In the
deeper (2e3 cm and 4e5 cm), the Fe(II) concentration showed the
same trend as in the upper layer; However, the Fe(II) concentration
was higher under the ratio of 1:4 than under the other ratios (1:1,
1:2, 1:3) (P< 0.01). This result is similar as the higher SRP con-
centrations in the pore water under the ratio of 1:4 in Fig. 2.

NH4
þ is another reducing ion associated with anaerobic condi-

tions (Kang et al., 2018). The NH4
þ concentration (Fig. 4) showed a

similar trend as the Fe(II) concentration (Fig. 3). During the
experiment, the concentrations of the NH4

þ at different depths in
the control remained higher than under the NCPM capping. Under
capping with NCPM, the average of NH4

þ concentration was
Please cite this article as: Zhou, J et al., Phosphorus immobilization by t
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4.99mg L�1 (1:1), 5.34mg L�1 (1:2), 4.85mg L�1 (1:3) and
3.93mg L�1 (1:4) in the depth of 0e1 cm (P< 0.05). The corre-
sponding average increased to 24.27mg L�1 (1:1), 22.53mg L�1

(1:2),18.30mg L�1 (1:3) and 16.54mg L�1 (1:4) at depths of 1e2 cm
(P< 0.05). In the deeper layers (2e3 cm and 4e5 cm), the concen-
tration of NH4

þ was higher than that upper layers (0e1 cm and
1e2 cm). These results suggest that the microenvironment in the
sediments trend to aerobic because of the oxygen release from the
NCPM. In addition, the oxidation of the microenvironment in the
sediments was better under the capping than control.
3.3. Changes of P fractions in sediments

The addition of external P caused a change in the sedimentary P
fractions (Fig. 5). Under the ratio of 1:4, the CaeP fraction was
dominant, up to 32.22% (mean, 0e4 cm); the AleP fraction was the
second-most abundant, 21.90% (mean, 0e4 cm). Under the ratio of
1:3, CaeP and AleP were approximately equally dominant (~24%).
Under the ratio of 1:2, AleP was dominant, with a fraction as high
as 27.55% (mean, 0e4 cm), and CaeP was second-most abundant at
19.41% (mean, 0e4 cm). Under the ratio of 1:1, AleP was dominant,
as high as 27.37% (mean, 0e4 cm), NH4CleP was second-most
abundant, 20.09% (mean, 0e4 cm). When compared with the con-
trol, the percentages of BD-P remained stable, whereas the per-
centage of CaeP increased and that of NaOH-nrP clearly decreased
he surface sediments under the capping with new calcium peroxide
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Fig. 3. Fe(II) concentration of the pore water under the capping with NCPM. Bars indicate SEMs (n¼ 3).
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(P< 0.05).
Fig. 5 shows that the percentages of NH4CleP and BD-P slightly

declined with increasing NCPM dosage at same sediment depth,
whereas the NaOH-nrP percentage decreased sharply. For NaOH-
nrP, percentage decreases of 19.7% (0e1 cm) and 14.9% (1e2 cm)
under the ratio of 1:4 were observed compared with the percent-
ages under a ratio of 1:1. Contrarily, the percentages of CaeP and
Res-P increased with incremental NCPM at the same sediment
depth. CaeP in 0e1 cm increased from 22.1% under a ratio of
1:1e44.0% under a ratio of 1:4 (P< 0.05). Furthermore, the AleP
percentage remained stable under the different dosages of NCPM
at the same sediment depth.
3.4. P adsorption isotherms of surface sediments

The adsorption of P by the surface sediments (in the experi-
ments involving external P removal and immobilization after 60
days) under the addition of NCPMwas investigated via P adsorption
isotherm experiments (Fig. 6). The results in Fig. 6 suggest that the
P adsorption abilities of surface sediments increased markedly
under the capping with NCPM. The result suggests that the
oxidation due to the addition of NCPM onto the surface sediments
made the significant impact on the adsorption of P, the surface
sediments had adsorbed a fair amount of P from overlying water
because of the addition of external P.
Please cite this article as: Zhou, J et al., Phosphorus immobilization by th
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The adsorption data were fitted to the Langmuir isotherm
model. The corresponding model parameters are listed in Table 2.
Among the five sediments tested, the sediments with the addition
of NCPM exhibited the greatest P adsorption, with a higher Smax and
lower EPC0. Compared with the Smax and EPC0 of the control, the
Smax under the NCPM capping increased by 50.83% (1:1), 68.45%
(1:2), 125.68% (1:3) and 171.25% (1:4) and the EPC0 decreased by
36.44% (1:1), 56.57% (1:2), 76.21% (1:3) and 94.34% (1:4), respec-
tively. The higher Smax values and lower EPC0 values show that the
surface sediments were remolded by capping with NCPMs, which
has stronger adsorption capacity and immobilization ability. Thus,
NCPM could be considered a capping material because of its
remediation function on the surface sediments.
3.5. P release from surface sediments under anaerobic conditions

The immobilization of P by the surface sediments (come from
the experiment for external P removal and immobilization after 60
days) due to the addition of NCPM were tested by P release from
surface sediments under the anaerobic conditions (Fig. 7).

The amount of released P remained at lower levels in the sedi-
ments due to the cappingwith NCPM comparedwith control. At the
first 45 h, the release of P in the control increased sharply to
0.208mg (g$h)�1, and was more than that under the capping of
NCPM with different ratios (1:1 to 1:4), which ranged from
e surface sediments under the capping with new calcium peroxide
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Fig. 4. NH4
þ concentration of the pore water under the capping with NCPM. Bars indicate SEMs (n¼ 3).
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0.077mg (g$h)�1 to 0.031mg (g$h)�1. The release of P from the
surface sediments kept stable until the end of the experiment (P
release experiment). Under the capping, the percentages of the
total release of P relative to the Tot-P were 0.86% (1:1), 0.59% (1:2),
0.56% (1:3) and 0.39% (1:4), respectively, whereas the value of
control was 2.58%. The inhibition of P release from the surface
sediments under NCPM was obvious.
4. Discussion

4.1. Properties and P immobilization of surface sediments

4.1.1. The morphological appearance of surface sediments
The morphological appearance of surface sediments was visu-

alized by TEMeEDS (Fig. 8). For the control (Fig. 8a), the surface
sediments mainly resembled a loose cluster, whereas, under the
NCPM capping with a ratio of 1:4, fibrous clusters were observed.
These observations indicate that P coprecipitation formed under
the cappingwith NCPM. It is ascribed to the P adsorption reaction of
NCPM in water. Combined with the EDS results, compared with
other elements, the percentage of P is similar as Ca, which is 1.98%
and 1.91%, respectively. These results are similar to those reported
by Yin et al. (2011), who found that suspected CaeP precipitates
onto natural sepiolite after phosphate adsorption.

Fig. 9 shows that the difference in the crystalline phases of
Please cite this article as: Zhou, J et al., Phosphorus immobilization by t
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surface sediments after remediationwith and without NCPM lies in
the formation of calcium carbonate, calcium oxide and hydroxy-
apatite. For the ratio of 1:1, the sample is mainly composed of
calcium carbonate and silica. The diffraction peak at 23�, 29�, 36�,
29�, 43�, 47.5� and 48.5� corresponds to the crystal plane (120),
(104), (110), (113), (202), (018) and (118) of calcium carbonate.
When the addition amount of NCPM was increased to 1:3 and 1:4,
hydroxyapatite formed and its amount increased.With the increase
of phosphorus adsorption, the characteristic peak of calcium car-
bonate decreased significantly, and a new characteristic peak
appeared at 25.86� and 31.92� at 2 theta, which was the charac-
teristic peak of calcium phosphate (Guo et al., 2006), indicating that
calcium phosphate precipitation was the main form of phosphate
removal by this kind of calcium carbonate. Other researcher has
observed similar CaeP precipitates, such as amorphous calcium
phosphate (ACP), dicalcium phosphate dihydrate (DCPD) and
octacalcium phosphate precipitates (OCP), during P adsorption
(Kaasik et al., 2008). These results indicate that surface sediments
promote the stable fraction formed after remediation with NCPM.
4.1.2. Langmuir isotherm model
The morphology of surface sediments favors the adsorption and

immobilization of P by the surface sediments, as confirmed by the
Smax and EPC0 results (Table 2). The result clearly shows that,
compared with the Smax of the control, the Smax of the 1:4 ratio
he surface sediments under the capping with new calcium peroxide
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Fig. 5. Sedimentary P fractions under the capping with NCPM. Bars indicate SEMs (n¼ 3).

Fig. 6. P adsorption isotherm of different surface sediments after remediation by the
NCPM.

Table 2
Langmuir parameters for P sorption by surface sediments.

Sediment Smax/(mg g�1) n/(L mg�1) EPC0/(mg L�1) R2

Control 3.002 0.349 0.601 0.972
1:1 4.528 0.392 0.382 0.989
1:2 5.057 0.428 0.261 0.972
1:3 6.775 0.489 0.143 0.969
1:4 8.143 0.612 0.034 0.986
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increased to as high as 8.143mg g�1, which indicates that the
adsorption capacity on P by the surface sediments was improved
because of the capping of NCPM. However, no similar research on
the remediation of surface sediments by a capping material has
Please cite this article as: Zhou, J et al., Phosphorus immobilization by th
material, Journal of Cleaner Production, https://doi.org/10.1016/j.jclepro.2
previously been reported. Therefore, compared with other similar
adsorbents. The Smax in our study, 6.126mg g�1 (mean for ratios
from 1:1 to 1:4, p< 0.05), is higher than some values reported by
Barca et al. (2012) and Yin et al. (2017) (2.49mg g�1 for EAF-slag
and 5.99mg g�1 for 0.2e0.5-mm heated Ca-rich attapulgite).
However, it is lower than the values reported for some other ad-
sorbents (89.97mg g�1 for BOF-slag (Bowden et al., 2009) and
42.00mg g�1 for heated Ca-rich attapulgite (Gan et al., 2009)).

The primary reason for the improvement of the adsorption ca-
pacity might be the removal of organic matter via oxidation by
CaO2, resulting in a skeleton with silica and leaving space for the
adsorption of P (Wang et al., 2019). Hanh et al. (2005) found that
CaO2 addition enhanced the removal of organic carbon in pond
sediment. The organic matter was reported to have decreased from
18% to 4%. An alternative explanation is that metal ions, such as Fe,
were transformed from the anaerobic state to the aerobic state
(Ding et al., 2018), according to the reduction of Fe (II) in the pore
water (Fig. 3).

The surface sediments due to the NCPM not only increases the P
adsorption but also improves the sediment remediation and P
immobilization, as confirmed by the observed decrease in the EPC0
e surface sediments under the capping with new calcium peroxide
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Fig. 7. The accumulation of released P amount in the distilled water under the
anaerobic conditions.
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(Table 2) which attributed to the transformation of Pmobile to inert P.
The percentage of the Pmobile (NH4CleP, BD-P and NaOH-nrP) in the
surface sediments (0e4 cm) decreased from 57.0% (mean) to 49.9%
(mean), 44.4% (mean), 33.3% (mean) and 30.1% (mean) (P< 0.05).

The adsorption data were also fitted to the Dubinin-
Radushkevich isotherm model (Acemio�glu, 2004). The results
show that the adsorption energy values for different cases
are �8.452 (control), �8.276 (1:1), �8.980 (1:2), �10.541 (1:3)
and �11.043 (1:4) kJ$mol�1, respectively. It is indicating that
adsorption of P by surface sediments is mainly by chemical
adsorption, ion exchange or chemical precipitation, while themetal
ions, such as Ca, Fe and Al, played an important role.
4.1.3. The anaerobic release of sedimentary P
The release of sedimentary P is another indicator used to

describe P immobilization in sediments. Compared with the P
released from the control, that released from the surface sediments
under the capping with NCPMwas reduced by 62.92% (1:1), 75.91%
(1:2), 77.61% (1:3) and 83.37% (1:4). Additionally, the reductionwas
enhanced with increasing NCPM dosage. These results indicate that
NCPM capping played an important role in inhibiting sedimentary
P release, as indicated by the reduction in the Pmobile, which ranged
from 22.43% (1:2) to 54.71% (1:4), compared with the Pmobile at 1:1
ratio. The NaOH-nrP contributes to the largest reduction of Pmobile

(as much as 87.22% under the ratio of 1:4) compared with the ratio
of 1:1. On the contrary, CaeP remained at a high concentration, as
much as 44.00%, suggesting that control of the P release depended
on the formation of CaeP in the sediments.
4.2. Changes of SRP in overlying and pore water

With the external P addition (before day 25), a slighter increase
of the SRP in overlying water under NCPM capping with different
ratios was observed when compared with the control. When the
external P addition was stopped after day 25, the SRP decreased
gently (Fig. 1) but the SRP in the control remained at a higher
concentration than that under the capping with NCPM. The
disappearance of SRP from the overlying water was attributed to
chemical precipitation as the main mechanism of P removal by the
formation of calcium phosphate minerals under the Ca2þ and OH�

via the CaO2 reaction. The XRD results confirmed this mechanism
Please cite this article as: Zhou, J et al., Phosphorus immobilization by t
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(Fig. 9).
Another mechanism is the formation of Fe(OOH)eP complexes

or precipitates. The reduction of Fe(II) in the porewater verified this
(Fig. 3), while the oxidation due to $OH may be an explanation
attributing the reduction of Fe(II) (Kang et al., 2018). The Al and Fe
materials in the NCPM, because of the addition of water purification
sediments, cannot be excluded as a possible mechanism contrib-
uting to the disappearance of SRP. Under oxidation, Fe can be
converted into Feox (Ding et al., 2018), providing long-term P
retention. In addition, the surface sediments after remolding by the
NCPM capping induced a great influence on the removal of P from
overlying water, as confirmed by the higher Smax and lower EPC0
values (Table 2).

It is expected that the SRP concentration in pore water decrease
as a result of the adsorption and oxidant of NCPM. The results in
Fig. 2a, b and 2c confirmed the speculation. However, the results in
Fig. 2d contradicted the expected result, showing an increase of the
SRP over time and a higher SRP level at sediment depths from 4 to
5 cm compared with those at other sediment depths, such as
0e1 cm (Figs. 2a), 1e2 cm (Fig. 2b) and 2e3 cm (Fig. 2c). These re-
sults suggest that the vertical transportation distance of oxygen or
$OH from CaO2 was not adequate for these species to reach deeper
sediments within a short period. The consumption of reducing
materials in the sediments on the oxygen or $OH may be another
explanation. The results suggest that the microenvironment at the
sediment depths of 4e5 cm is anaerobic or anoxic compared with
the microenvironments at the other sediment depths. This hy-
pothesis is confirmed by the higher Fe(II) concentration (Fig. 3d)
and higher NH4

þ concentration (Fig. 4d) at sediment depths from 4
to 5 cm.

The aforementioned experiments show that the P concentra-
tions in the pore water under the capping of the materials that
supply oxygen are less than those under the capping of materials
that do not supply oxygen (Table 3). By comparison, we found that
materials such as Ca, Al and La generally exhibit strong ability to
bind P, confirming the significance of the oxic microenvironment in
the sediments. In addition, the saturation of P on the capping ma-
terials should be improved to deal with the higher P concentration
in pore water. Therefore, promoting the conversion of Pmobile to
inert-P may be a better choice to lengthen the application duration
of the capping.

4.3. Sedimentary P fractions and their immobilization

The NCPM, which was used as the capping material, improved
the external P precipitation into different P fractions (Fig. 5). In
addition, the Tot-P in the sediments (0e4 cm) increased as the ratio
was increased from 1:1 to 1:4. This trendmight be a consequence of
greater oxidation of the surface sediments because the higher ratio
of NCPM led to greater adsorption or retention ability on P.
Furthermore, the oxidation obviously influenced the redistribution
of sedimentary P fractions. Fig. 1 shows that, for the control, the
lower external P disappeared from the overlying water, as
compared with the capping. We expected the Tot-P of the overlying
water in the control to be less than capping. However, the Tot-P in
the surface sediments (0e4 cm) in the control was higher than that
in the sediments under the capping, suggesting that the dis-
appeared P was mainly incorporated into NCPM, resulting in the
lower external P incorporation into the surface sediments.

The capping with NCPM caused a significant decrease of the
Pmobile in the surface sediments. Compared with the Pmobile of the
control, that under the NCPM capping was reduced by 17.77% (1:1),
26.26% (1:2), 41.54% (1:3) and 48.87% (1:4) (P< 0.05). This reduc-
tion in Pmobile is attributed to the strong oxidation resulting from
the $OH improving the conversion from a reducing state to an oxic
he surface sediments under the capping with new calcium peroxide
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Fig. 8. TEM images and EDS analysis of surface sediment without and with the addition of NCPM. (a) Microstructure of surface sediment without the addition of NCPM. (b)
Microstructure of the surface sediment with the addition of NCPM at dosage of 1:4. (c) SEM-EDS analysis spectrum of the surface sediment with the addition of NCPM at dosage of
1:4.
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state, such as the conversion of Fe(II) to Fe(III), and resulting in a
slighter reduction of BD-P in the surface sediments. The trans-
formation of BD-P from non-occluded to occluded was the main
explanation under the oxidation of soluble ferrous (Fe(II)) com-
pounds to insoluble ferric (Fe(III)) compounds. However, for the
NaOH-nrP, the reduction ranging from 5.1% (1:1) to 15.28% (1:4) is
obviously greater than that for BD-P, which ranged from 0.2% (1:1)
to 2.67% (1:4) (P< 0.05).

The NaOH-nrP is referred to as organic-P, particularly when P is
bound to humic substances, accumulated in microorganisms, or
incorporated into organic compounds such as phospholipids (Selig,
Please cite this article as: Zhou, J et al., Phosphorus immobilization by th
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2003). Under oxidation by $OH, organic matter becomes more
degradable and is removed, resulting in a decrease of the concen-
tration of NaOH-nrP. The conversion of NaOH-nrP to inert P was
verified through oxidation in a previous study (Lin et al., 2017).
Therefore, reducing the NaOH-nrP promotes a decrease in the
mobile sedimentary P fractions and inhibits the algae bloom.

In the case of NH4CleP, its contribution to the Pmobile is the
largest. However, under the NCPM capping, the reduction from 1.9%
(1:1) to 8.97% (1:4) is greater than that in the case of BD-P
(P< 0.05). This result indicates that the NH4CleP is easily des-
orbed and competitively adsorbed by other ions such as Fe, Al and
e surface sediments under the capping with new calcium peroxide
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Fig. 9. XRD patterns of surface sediments in different dosages of NCPM (a: Calcite; b:
Quartz; c: Albite-calcian ordered; d: Muscovite; e: Gordonite; f: Hydroxyapatite; g:
Calcium oxide).
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Ca ions.
The reduction of Pmobile in the sediments (0e4 cm) was

accompanied by a substantial increase of inert-P (the sum of AleP,
CaeP and Res-P) under the capping, ranging from 50.15% (1:1) to
69.88% (1:4). The contribution of CaeP to the inert-P is greatest at
sediment depths from 0 to 1 cm, primarily because of the pene-
tration of Ca. A previous study (Zhou et al., 2019) about capping
with NCPM indicated that the pH in the overlying water can be as
high as 8.3, which means that calcium phosphate minerals can
precipitate spontaneously. When the pH of overlying water is
greater than 8, favourable conditions for the form of CaeP com-
pounds, including hydroxyapatite and dicalcium phosphate. The
reaction of CaO2 inwater can continuously release Ca2þ and OH� to
favour P removal (Fig. 1) through the precipitation of calcium
phosphate. The mixing of water purification sludge in NCPM
smothered the reaction between CaO2 and water.

Noticeably, at sediment depths from 0 to 1 cm, CaeP remained
at a higher level compared with the AleP (P< 0.05): as high as
44.00% under the ratio of 1:4. Surprisingly, in deeper sediment
(2e3 cm and 4e5 cm), AleP remained at a high concentration
compared with the concentration of CaeP. In this case, Al3þ could
migrate 5 cm into the sediment, where the AleP concentrationwas
Table 3
Reported P concentration in pore water under different capping.

Materials Dosage (ratio with
Pmobile)

Particle
size

Treatment object P concen
(mg/L)

NCAP700 25:1 0.2
e0.5mm

Eutrophic lake 0.32e0.50

Aluminum sulfate 15:1 solution polluted river 0.12e1.45
lanthanum modified
bentonite

200:1 2mm freshwater lake 0.17e0.95

TCAP700 200:1 0.5e2mm Hypereutrophic
lake

0.48

Calcium silicate
hydrates

100:1 0.15mm Lake water 0.044

NCPM 4:1 5mm Eutrophic lake 0.031e0.1

Please cite this article as: Zhou, J et al., Phosphorus immobilization by t
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41.8%. Other authors have proposed that the strong reactive Ca2þ,
which has a higher sorption capacity than Al3þ, has the capacity to
transform AleP into CaeP in sediment (0e1 cm) (Lin et al., 2017;
Yin et al., 2018). However, the Al3þ will permeate into deeper
sediments, resulting in a dramatic increase in the amount of AleP
in deeper sediment. Another explanation for the increase of AleP
is that the supply of Al3þ from the water purification sludge in
the NCPM can support the formation of AleP.

4.4. Implications of remediation on the surface sediment under the
capping

For surface waters, sediments play an important role in reme-
diation because of sedimentary P release. In situ capping to control
the sedimentary P release is common. It is obvious that the NCPM
can be used the capping materials due to its oxygen and Ca2þ

supply and its oxidation on the surface sediments.
Notably, the results indicate that the cappingwith NCPM can not

only enhance the removal of P from the overlying water but also
improve the sedimentary P immobilization. In addition, the NCPM
promotes the remediation of sediments, resulting in a decrease of
the concentrations of NH4

þ and Fe(II) and thereby favouring the
reduction of SRP in pore water. This process is attributed to the
oxidation by $OH generated by the reaction of CaO2 with water. The
higher Smax and lower EPC0 of the surface sediments under the
capping with NCPM and the addition of external P can verify this.
Furthermore, the transformation from Pmobile to inert-P in the
surface sediments shows sedimentary P immobilization and the
reduction of P release. Therefore, the remediation due to the
capping with NCPM is also considered as a suitable function mode
to control the sedimentary P release.

5. Conclusions

The immobilization on P by the surface sediments due to the
capping of NCPM with different ratios (1:1e1:4) was enhanced
compared with the control, resulting in P removal amounts as high
as 3.97mg (1:1), 5.15mg (1:2), 6.97mg (1:3) and 8.36mg (1:4).
This P removal process is associated with the formation of calcium
phosphate minerals and the ability of $OH to oxidize the surface
sediments, resulting in conversion of sedimentary micro-
environment conditions from anaerobic to aerobic, which is veri-
fied by the reduction of the concentrations of NH4

þ and Fe(II) in pore
water. The higher Smax and lower EPC0 of the surface sediments
under the NCPM capping confirmed this. In addition, the removal of
SRP from overlying water, the reduction of SRP, NH4

þ and Fe(II) in
pore water, the increase of Smax and the decrease of the EPC0 are
closely related to the ratio of NCPM. Furthermore, the Pmobile was
reduced by 17.77e48.47% and the inert-P increased from 50.15%
(1:1) to 69.88% (1:4) under the NCPM capping with different ratios,
tration in pore water Depth under sediment-water interface
(mm)
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compared with the control. It is verified by the release of sedi-
mentary P from surface sediments under anaerobic conditions. The
percentage of the released P in the sediments Tot-P was merely
0.60% (mean, from 1:1 to 1:4), which was lower than that in the
control (2.58%). The implication of these results is that the reme-
diation due to the capping with NCPM played the important role in
controlling the P content in water.
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