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material to control sedimentary phosphorus and nitrogen liberation
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Abstract
Calcite/zeolite mixture (CZ) can be used to construct a capping layer for the simultaneous management of phosphorus (P) and
nitrogen (N) liberation from sediments into the overlying water (OVER-water). However, its control efficiency of sedimentary P
release still needs to be improved. To address this issue, an iron-modified CZ (Fe-CZ) was synthesized, characterized, and
employed as a capping material to simultaneously prevent P and N release from sediments into OVER-water. Batch and
microcosm incubation experiments were performed to study the efficiency and mechanism for the control of P and N release
from sediments by capping Fe-CZ. Results showed that sediment capping with Fe-CZ resulted in the significant reduction of
soluble reactive P (SRP) and ammonium-N (NH3-N) in OVER-water, with reduction rates of 77.8–99.7% and 54.0–96.7%,
respectively. Furthermore, the Fe-CZ capping layer decreased the SRP concentration in the pore water (PORE-water) at depth of
0–30 mm and reduced the concentration of PORE-water NH3-N at depth of 0–50 mm. Moreover, the Fe-CZ capping layer gave
rise to the great decrement of the concentration of the labile P measured by DGT (diffusive gradient in thin films) technology (P-
DGT) in the profile of OVER-water and sediment. Additionally, the Fe-CZ capping resulted in the reduction of redox-sensitive P
(P-BD) in the 0–50 mm sediment and caused the transformation of P-BD to calcium-bound P (P-HCl) and residual P (P-RES) in
the 0–10mm sediment as well as to P-RES in the 10–20mm sediment. Results of this work indicate that the Fe-CZ capping has a
high potential for the simultaneous management of P and N release from sediments, and the decrease of the contents of sediment
P-DGT, sediment P-BD, PORE-water SRP and PORE-water NH3-N as well as the conversion of mobile P to more stable P in the
top sediment should have a significant role in the simultaneous interception of sedimentary P and N liberation into OVER-water
by the Fe-CZ capping.
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Introduction

Eutrophication of freshwater bodies (e.g., lakes, reservoirs,
ponds and reservoir type rivers) is a serious global problem
resulting from the excess input of nutrient (Moal et al. 2019;
Smith et al. 1999; Young et al. 1999; Zhang et al. 2017).
Phosphorus (P) and nitrogen (N) have been identified to be
the key limiting nutrients responsible for the freshwater

eutrophication (Ortiz-Reyes and Anex 2018; Smith et al.
1999). In order to prevent the increase of P and N level in
the overlying water (OVER-water) of the freshwater bodies,
the control of the discharge of external P and N sources is very
necessary. However, the endogenous release of the previously
accumulated P and N in sediments may lead to continuous
eutrophication in eutrophic freshwater bodies (Liu et al.
2017; Spears et al. 2013; Zhang et al. 2014). Therefore, the
interception of sedimentary P and N liberation is of significant
importance to prevent the occurrence of the freshwater eutro-
phication after the control of external P source input.

Several strategies for the control of sedimentary P libera-
tion have been proposed, including dredging (Lürling and
Faassen 2012), oxygenation (Yu et al. 2019), chemical precip-
itation using soluble aluminum salt (Lin et al. 2017), nitrate
addition (Wauer et al. 2005), CaO2 injection (Xu et al. 2018),
active capping (Huang et al. 2017; Yin and Kong 2015; Yu
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et al. 2018a), and amendment (Meis et al. 2012), etc. Among
these methods, the use of P-sorbents as capping or amendment
materials for sedimentary P release control in freshwater bod-
ies has received increased attention recently (Copetti et al.
2016; Dithmer et al. 2016; Spears et al. 2013). Several
methods have been proposed to control sedimentary N liber-
ation, including dredging (Liu et al. 2017), phytoremediation
(Ning et al. 2014), and capping (Xiong et al. 2018; Yin et al.
2018; Zhu et al. 2019), etc. Among them, the use of N-sorbent
as a covering material to reduce the internal N loading is
considered to be a promising strategy (Xiong et al. 2018,
Yin et al. 2018, Zhu et al. 2019).

At present, a lot of capping/amendment materials have
been proposed to control P liberation from sediments, includ-
ing calcite (Berg et al. 2004; Yu et al. 2018b), zeolite (Gu et al.
2019), calcite/zeolite mixture (Lin et al. 2011), bentonite (Gu
et al. 2019), iron oxide (Yu et al. 2018b), activated carbon
(Bonaglia et al. 2019), lanthanum-activated bentonite
(Lürling and Faassen 2012), aluminum-modified zeolite
(Gibbs and Özkundakci 2011), zirconium-modified zeolite
(Lin et al. 2019b), water treatment sludge (Wang et al.
2013), thermally modified clay (Yin et al. 2016; Yin and
Kong 2015), and hydrate silicate calcium (Li et al. 2018; Li
et al. 2017a), and so on. Among them, calcite/zeolite mixture
has found to have high application potential for the control of
P release from sediments (Lin et al. 2011). This is because
both calcite and zeolite are naturally available and low-cost,
and calcite/zeolite mixture possesses high removal ability for
phosphate-P (i.e., soluble reactive P, abbreviated as SRP)(Lin
et al. 2011). Additionally, since zeolite exhibits a good adsorp-
tion capacity for ammonium (Alshameri et al. 2014; Vocciante
et al. 2018) and zeolite capping can reduce the releasing flux
of ammonium-N (abbreviated as NH3-N) from sediments into
OVER-water (Huang et al. 2013), sediment capping with
calcite/zeolite mixture also could effectively control the re-
lease of NH3-N from sediments into OVER-water (Lin et al.
2011). Thus, calcite/zeolite mixture has high application po-
tential for the simultaneous control of P and N liberation from
sediments. However, in order to better apply calcite/zeolite
mixture as a capping material to control sedimentary P release,
its efficiency still need to be enhanced. This is because the
concentration of SRP in OVER-water cannot be controlled at
a very low level by the covering layer constructed with calcite/
zeolite mixture (Lin et al. 2011), while it can be controlled at a
very low level by the capping layer constructed with some
synthetic P-sorbet materials such as La-activated bentonite
(Wang et al. 2017) and Zr-reacted bentonite (Lin et al. 2019a).

Previous studies showed that iron oxide exhibited excellent
affinity with phosphate species in water (Ajmal et al. 2018;
Yoon et al. 2014; Zhang et al. 2019). Furthermore, some iron-
containing materials such as Fe-based magnetic microparti-
cles (Funes et al. 2016; Funes et al. 2017) and ferrihydrite
(Yu et al. 2018b; Zou et al. 2017) have been proposed as

capping materials to prevent P liberation from sediments.
Therefore, if calcite/zeolite mixture (CZ) is modified by iron,
the resultant iron-modified CZ (Fe-CZ) may be a more prom-
ising capping material for cutting down the risk of sediment P
release than the unmodified CZ. However, little information is
available on the simultaneous interception of sedimentary P
and N liberation by the Fe-CZ covering layer.

This investigation aimed at evaluating the efficiency of Fe-
CZ capping to prevent the liberation of P and N from sedi-
ments into OVER-water as well as at determining the mecha-
nism for the control of sedimentary P and N release by cap-
ping Fe-CZ. To achieve these aims, the effect of the CZ and
Fe-CZ capping layers on the mobilization of P and N in sed-
iments was studied and the impact of sedimentary P release on
the P fractionation of the CZ and Fe-CZ capping layers was
also investigated. Results of this work will provide solid evi-
dence for the application of Fe-CZ as a covering layer to
prevent sedimentary P and N liberation in freshwater bodies.

Materials and methods

Materials

The surface sediment sample used in this research was col-
lected from a semi-closed landscape river in Pudong New
Area of Shanghai City, China. The sampled sediments were
stored in a bucket and then sieved with a standard 100 mesh
for the further use. The original zeolite and calcite used in this
work came from Jinyun Country and Changxing Country of
Zhejiang province in China, respectively. Prior to the prepa-
ration of capping materials, the raw zeolite and calcite were
screened through 200 mesh of sieves to make sure that the
particle diameter of zeolite and calcite was small than
0.075 mm. All the chemical reagents (analytical reagent
grade) used in the experiments were supplied by Sinopharm
Chemical Reagent Co., Ltd. (SCRC). All the solutions applied
in the experiments were prepared with deionized water (DI-
water). The zirconium oxide-based diffusive gradient in thin
films (Zr-DGT) probe came from EasySensor limited
company.

Preparation of capping materials

The mixture of calcite and zeolite (CZ) was prepared as fol-
lows. In brief, 15 g of calcite and 15 g of zeolite were simul-
taneously added into a 250-mL Erlenmeyer flask, and then
30 mL of DI-water was also introduced into this Erlenmeyer
flask. Afterwards, the Erlenmeyer flask was stirred in a shaker
at 150 rpm for 1 h. After that, the wet solid was acquired by
the centrifugation method at 4000 rpm for 10 min and dried
naturally at indoor temperature. At last, the dried CZ was
persevered in a sealed plastic bag for later use.
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The iron-modified calcite/zeolite mixture (Fe-CZ) was syn-
thesized as follows. Briefly, 2 g of FeCl3·6H2O was firstly
dissolved in 30mL of DI-water in a 250-mLErlenmeyer flask.
Subsequently, 15 g of calcite and 15 g of zeolite were also
added into this Erlenmeyer flask and the mixture was stirred in
a shaker at 150 rpm for 1 h. During the agitation process,
1 mol/L of NaOH solution was added dropwise into the
Erlenmeyer flask until the solution pH value attained 7.5.
Afterwards, the wet solid material was obtained by the cen-
trifugal separation at 4000 rpm for 10 min, washed using DI-
water for 3 times and then naturally air-dried at indoor tem-
perature. At last, the dried Fe-CZ was persevered in a sealed
plastic bag for later use.

Characterization of capping materials

The X-ray powder diffraction (XRD) patterns of calcite, zeo-
lite and Fe-CZ were taken on a Germany Brucker D8
ADVANCE XRD meter (Cu Kα radiation 40 kV 30 mA,
λ = 0.15406 nm, 2θ = 5–80°). The elemental compositions of
CZ and Fe-CZ were analyzed by a wavelength dispersion X-
ray fluorescence (XRF) spectrometer (XRF-1800, Shimadzu,
Japan).

Batch P and N sorption experiment

The sorption characteristics of phosphate and ammonium on
CZ and Fe-CZwere investigated through batch experiments in
a temperature-controlled water bath oscillator at 150 rpm and
298 K. For the study on the effect of contact time on the
phosphate removal, 50 mg of CZ and Fe-CZ were added into
a series of 100-mL conical flasks containing 50 mL of phos-
phate solutions with an initial phosphate concentration of
10 mg P/L, respectively, and the mixtures were shaken for
various contact time (24, 48, and 72 h). For the study on the
influence of initial P concentration on the phosphate removal,
50 mg of CZ and Fe-CZ were added into a series of 100 mL
conical flasks containing 50 mL of phosphate solutions with
various initial phosphate concentrations (1–10 mg P/L), re-
spectively, and the mixtures were shaken for 24 h. For the
ammonium sorption kinetics study, 100 mg of CZ and Fe-
CZ were introduced into a series of 50-mL conical flasks
containing 25 mL of 10 mg N/L ammonium solution, respec-
tively, and the mixtures were shaken for different contact time
(0.5–48 h). For the ammonium sorption isotherm study,
100 mg of CZ and Fe-CZ were added into a series of 50-mL
conical flasks containing 25 mL of ammonium solutions with
various initial N concentrations (5–40 mg/L), respectively,
and the mixtures were shaken for 24 h. The initial pH values
of phosphate and ammonium solutions were adjusted with
1 mol/L of NaOH of HCl solution until the value reached
7.5. After reaction equilibrium, the supernatant of mixture
solutions was obtained by centrifugation at 4000 rounds per

minute for 10 min and filtered through 0.45 μm filter mem-
brane. Subsequently, the standard method, i.e., molybdenum
antimony colorimetry andNessler reagent colorimetry method
were applied to determine the residual phosphate-P and
ammonium-N concentration in the supernatant liquid on a
UV/Vis spectrophotometer at 700 nm. The quantities of phos-
phate and ammonium removed by CZ and Fe-CZ (q, mg/g)
were calculated based on the following equation:

q ¼ VRS

DAM
cI−cFð Þ ð1Þ

where VRS is the volume of phosphate or ammonium reaction
solutions (L);DAM is the dosage of sorbent material; cI and cF
are the concentrations of phosphate or ammonium in solutions
before and after sorption, respectively (mg/L).

The pseudo-first-order and pseudo-second-order models
(Tran et al. 2017) were applied to analyze the sorption kinetic
data, and the Langmuir (Langmuir 1916) and Freundlich
(Freundlich 1926) models were used to analyze the sorption
isotherm data.

Sediment incubation experiment

The effects of CZ and Fe-CZ capping on the mobilization of P
and N in sediments were studied through constructing micro-
cosm sediment incubation experiments. The thoroughly ho-
mogenized wet sediments were put into columnar plexiglass
reactors (height 40 cm, inner diameter 8.5 cm) until the height
of each sediment core reached 5 cm, respectively. Three kinds
of sediment columns were designed as follows (Fig. 1): (1)
reactor I (control column), the sediment was not subjected to
any treatment; (2) reactor II (CZ capping column), 30 g of CZ
was homogeneously covered onto the surface of the sediment;
(3) reactor III (Fe-CZ capping column), 30 g of Fe-CZ was
evenly covered onto the surface of the sediment. The height of
capping layer was calculated to be about 4.1 mm.

Fig. 1 Schematic diagram of sediment incubation experiments
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Subsequently, about 1500 mL of prepared solution, which
contained 0.01 mol/L of NaCl, 0.001 mol/L of CaCl2, and
0.001 mol/L of NaHCO3 and had an initial pH value of 7.5,
was slowly added into each reactor as OVER-water. After
that, each reactor was sealed with rubber stopper and vaseline
to prevent air from getting into the reactor. All the sediment
reactors were incubated at room temperature for 135 days.

During the incubation period of microcosm sediment
experiments, the concentration of DO and the value of
pH in OVER-water of each reactor were measured at
interval of time. The DO concentration was measured
by the use of a HI9143 portable type meter equipped
with a DO probe (Hanna Instrument, Romania), and
the pH value was determined by the employment of
an Orion 320P-01 portable meter equipped with a pH
probe (Thermo Corporation, USA). In the meanwhile,
15 mL of OVER-water was sampled from each reactor
and the filtration of the sampled water sample was
conduc ted through 0 .45 μm fi l t e r membrane .
Subsequently, the filtered OVER-water was used for
the determination of SRP using the molybdenum col-
orimetry method at 700 nm and NH3-N using the
Nessler reagent colorimetry method at 420 nm, respec-
tively. After each sampling, the equivalent amount of
OVER-water was added back into the reactor.

On the 116th day of incubation, the introduction of
Zr-DGT probes into the sediment cores was carried
out. After 24 h, we took the introduced Zr-DGT probes
back from the sediment cores, and the retrieved Zr-
DGT probes were cleaned with DI-water until all the
sediments on the surface of Zr-DGT probe were fully
eliminated. Afterward, the cleaned probe of Zr-DGT
was placed into a self-styled bag. Then, the contents
of labile P determined by DGT probe (abbreviated as
P-DGT) in the OVER-water and sediment profile were
analyzed, and the detailed measurement procedure as
well as data calculation methods can be seen in the
previous literature (Ding et al. 2018).

On the last day of the sediment incubation experiments, the
OVER-water in each reactor was removed using the siphon
method. After the removal of OVER-water, the capping layer
was collected at first, and then the sediments were averagely
divided into five parts at 1-cm intervals and collected. In ad-
dition, the sediment PORE-water was collected from each part
of sediments by the employment of centrifugation and
0.45 μm membrane filtration. After the PORE-water samples
were collected, 20 μL of 0.1 mol/L HCl was added into each
sample. Then, the concentrations of SRP and NH3-N in
PORE-water were analyzed according to the molybdenum
blue at 630 nm of wavelength and Nessler reagent colorimet-
ric methods at 405 nm of wavelength with a BioTek elx800
Epoch Microplate Spectrophotometer (BioTek Instruments,
Inc., USA), respectively.

After the analysis of PORE-water finishing, the as-
collected wet sediments and capping materials were air dried
at room temperature. After that, the amounts of various P
species in different sediment layers and capping material
layers collected from the control, CZ capping, and Fe-CZ
capping columns were measured on the basis of the sequential
P fractionation procedure shown in the literatures previously
reported (Lin et al. 2019b; Ribeiro et al. 2008; Rydin and
Welch 1998). In this procedure, the P in sediments is divided
into five forms, namely, easily re-released P (P-LOOSE),
redox-sensitive P (P-BD), aluminum-bound P (P-NaOH),
calcium-bound P (P-HCl), and residual P (P-RES).

The removal efficiency of SRP or NH3-N in the water
phase (OVER-water and PORE-water) by the capping mate-
rials (R, %), i.e., CZ and Fe-CZ, can be calculated according to
the following formula:

R ¼ CCL−CTR

CCL
� 100% ð2Þ

where CCL and CTR represent the concentrations of SRP or
NH3-N in the water phase including OVER-water and PORE-
water of control and treatment sediment reactors, respectively.

Results

Characterization of capping materials

The XRD patterns of calcite, zeolite and Fe-CZ are presented
in Fig. 2. It was shown that the main characteristic diffraction
peaks of the calcite sample used in this study was attributed to
the calcite crystal, which indicates that the calcite sample
employed in this research is mainly composed of calcite crys-
tals. The characteristic diffraction peaks of clinoptilolite,
mordenite, and quartz were observed in the XRD pattern of
zeolite, suggesting that the zeolite sample contains
clinoptilolite, mordenite, and quartz. The characteristic dif-
fraction peaks of calcite, clinoptilolite, mordenite, and quartz
were found in the XRD pattern of Fe-CZ, demonstrating the
presence of calcite, clinoptilolite, mordenite, and quartz in the
Fe-CZ sample. This also indicates that the modification of CZ
with iron does not change the crystal structure of calcite,
clinoptilolite, mordenite, and quartz in the CZ sample. The
mass contents (wt%) of elements in CZ and Fe-CZ measured
by XRF is listed in Table 1. It was shown that the CZ sample
contains a small amount of Fe, which might be due to the
presence of Fe-bearing mineral in the zeolite. However, the
percentage of Fe in Fe-CZ was much higher than that in CZ.
This suggests that the Fe species has been incorporation into
Fe-CZ after the modification of CZ with iron. That is to say,
the Fe-CZ sample also contains the Fe specie in addition to
calcite, clinoptilolite, mordenite, and quartz.
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Removal of phosphate and ammonium by CZ
and Fe-CZ

Figure 3 shows the effect of contact time and initial phosphate
concentration on the removal of phosphate by CZ and Fe-CZ.
It was observed from Fig. 3a that the amount of phosphate
removed by CZ increased from 0.291 to 2.77 mg P/g with the
increase of contact time from 1440 to 4320 min, and those by
Fe-CZ rose from 1.43 to 6.53 mg P/g as the contact time

increased from 1440 to 4320 min. Furthermore, it was found
that the quantities of phosphate removed by Fe-CZ under dif-
ferent contact time conditions were much higher those by CZ.
As shown in Fig. 3b, the content of phosphate removed by CZ
at 1440 min of contact time slightly increased from 0.0666 to
0.0938 mg P/g with the increase of initial phosphate concen-
tration from 1 to 10 mg P/L, but that by Fe-CZ at 1440 min of
contact time greatly rose from 0.652 to 1.62 mg P/g with
increasing the initial phosphate concentration from 1 to
10 mg P/L. Moreover, the quantities of phosphate removed
by Fe-CZ under different initial phosphate concentration con-
ditions were much larger than those by CZ.

The kinetic data of ammonium sorption onto CZ and Fe-
CZ is shown in Fig. 4 a and b, respectively. It was shown that
the quantities of ammonium sorbed onto CZ and Fe-CZ sig-
nificantly increased with increasing contact time in the early
stage of sorption and then it gradually increased with the in-
crease of contact time until equilibrium was attained. The
calculated parameters of the kinetics models are listed in
Table 2. It was shown that the pseudo-second-order model
(R2 = 0.649–0.802) fitted better to the kinetic data of ammo-
nium sorption onto CZ and Fe-CZ than the pseudo-first-order
model (R2 = 0.286–0.420). The initial ammonium sorption
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Fig. 2 XRD patterns of a calcite, b zeolite, and c Fe-CZ

Table 1 Mass contents
(wt%) of elements in CZ
and Fe-CZ measured by
XRF

Element CZ Fe-CZ

O 83.4 76.2

Na 0.606 0.725

Mg 0.195 0.205

Al 1.67 2.38

Si 5.96 8.63

K 0.233 0.375

Ca 7.76 10.2

Fe 0.0894 0.847

Others 0.0866 0.438
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rates for CZ and Fe-CZ were found to be 0.290 and 0.657 mg/
(g min), respectively. The sorption isotherm data of ammoni-
um on CZ and Fe-CZ are presented in Fig. 4 c and d, respec-
tively. The calculated parameters of the isotherm models are
also listed in Table 2. According to Table 2, the results suggest
that the sorption isotherm data of ammonium onto CZ and Fe-
CZ can be better fitted by the Freundlich model (R2 = 0.945
and 0.942, respectively) than the Langmuir model (R2 = 0.722
and 0.650, respectively). The calculated 1/n values for

ammonium sorption onto CZ and Fe-CZ were 0.284 and
0.235, respectively, which were larger than 0 but less than 1.
This demonstrates that the sorption of ammonium on CZ and
Fe-CZ is favorable. The predicted value of the maximum am-
monium sorption capacities derived from the Langmuir equa-
tion for CZ and Fe-CZ were 3.85 and 3.76 mg N/g, respec-
tively, which were close those derived from the batch sorption
experiments (3.44 and 3.46 mgN/g, respectively). This means
that the prediction of the maximum ammonium sorption
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Fig. 4 Sorption kinetics of ammonium on a CZ and b Fe-CZ; sorption isotherms of ammonium on c CZ and d Fe-CZ
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Fig. 3 a Effect of contact time on phosphate removal by CZ and Fe-CZ. b Impact of initial P concentration on phosphate removal by CZ and Fe-CZ at
24 h of contact time
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capacity based on the Langmuir isotherm model is reliable.
The slight difference of the predicted maximum ammonium
sorption capacity between CZ and Fe-CZ indicates that the
modification of CZ with iron has a negligible impact on the
ammonium uptake ability.

Variation of DO, pH, SRP, and NH3-N in OVER-water
in different columns

The variations of the DO concentrations and pH values
of OVER-water in various types of columns with dif-
ferent incubation time are presented in Fig. 5 a and b,
respectively. The concentration of DO in the OVER-
water of the control column decreased from 3.85 to
0.69 mg/L as the incubation time rose from 5 to 10 days,
and afterwards, it varied between 0.16 and 0.69 mg/L
with a further augment of the incubation time from 10
to 135 days. This indicates that the sediment in the
control is incubated under anoxic condition after
10 days. In the CZ capping column, the OVER-water
DO concentration decreased from 4.45 to 0.75 mg/L
with increasing the incubation time from 5 to 20 days
and then it remained at a low level (0.17–0.95 mg/L) at
20–135 days of the incubation time, demonstrating that
the sediment in the CZ capping column is incubated in
an anoxic environment after 20 days. For the Fe-CZ
covering column, the OVER-water DO concentration
declined from 4.28 to 0.78 mg/L when the incubation

time rose from 5 to 40 days and after that it was main-
tained at 0.17–0.78 mg/L at 40–135 days. This suggests
the anoxic incubation of the sediment in the Fe-CZ cap-
ping column after 40 days. The OVER-water pH values
in the control, CZ capping and Fe-CZ capping columns
were in the range of 7.14–7.65, 7.16–8.01, and 6.53–
7.59, respectively. There was no significant difference
of the pH value among the control, CZ capping and Fe-
CZ capping columns during the period of the sediment
incubation, suggesting that CZ and Fe-CZ capping have
a marginal effect on the pH value of OVER-water.

The changes of OVER-water SRP in different col-
umns with incubation time as well as the removal rate
of OVER-water by CZ and Fe-CZ capping are present-
ed in Fig. 5 c and d, respectively. It was found that the
P concentrations among various columns differed sig-
nificantly. Without capping, the SRP concentration in
OVER-water cont inuous ly increased f rom 0 to
0.882 mg/L in the first 45 days of the incubation exper-
iment, and then decreased to 0.503 mg/L with the fur-
ther augment of the incubation time to 50 days. After
50 days of incubation, as the incubation experiment
went on, the SRP concentration in OVER-water without
capping increased again, reaching 0.800 mg/L on the
60th day, and then decreased to 0.247 mg/L on the
65th day. During the period of 65–120 days’ incuba-
tion, the SRP concentration in OVER-water in the con-
t ro l column sl ight ly var ied between 0.247 and

Table 2 Parameters of kinetic and isotherm models for ammonium sorption onto CZ and Fe-CZ

Models Parameter CZ Fe-CZ

Pseudo-first-order kinetic model
qt = qES(1 − exp(−k1t))

qES,exp (mg/g) 1.63 1.63

qES,cal (mg/g) 1.55 1.58

k1 (1/min) 0.0679 0.0956

R2 0.420 0.286

Pseudo-second-order kinetic model

qt ¼ k2q2ES t
1þk2qES t

v0 ¼ k2q2ES

qES,exp (mg/g) 1.63 1.63

qES,cal (mg/g) 1.58 1.59

k2 (g/(mg min)) 0.116 0.260

v0 (mg/(g min)) 0.290 0.657

R2 0.802 0.649

Langmuir isotherm model
qES ¼ qMAXcESKCL

1þKCLcES

qMAX (mg/g) 3.85 3.76

KCL (L/mg) 0.248 0.364

R2 0.722 0.650

Freundlich isotherm model
qES ¼ KCFc

1=n
ES

KCF 1.37 1.65

1/n 0.284 0.235

R2 0.945 0.942

where t is the contact time (min); qt and qES are the contents of sorbate uptake by sorbent at any time t and at state of equilibrium, respectively (mg/g); k1
(1/min) and k2 (g/(mg min)) are the rate constants of pseudo-first-order and pseudo-second-order kinetic equations, respectively; v0 (mg/(g min)) is the
initial sorption rate; cES is the equilibrium concentration of sorbate in aqueous solution (mg/L); qMAX is the maximum monolayer sorbate sorption
capacity for sorbent (mg/g); KCL is the constant of Langmuir (L/mg); KCF and 1/n are the constants of Freundlich related to the sorption capacity and
intensity, respectively
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0.330 mg/L. Following this, the SRP concentration
showed an increasing trend to 0.939 mg/L by the
135th day. With CZ capping, the SRP concentration in
OVER-water gradually rose from 0 to 0.738 mg/L when
the incubation time increased from 0 to 45 days, and
then slowly decreased until the end of the experiment as
a whole. Compared to the control column, the SRP
concentrations of OVER-water in the CZ capping col-
umn were much less. The reduction rate of OVER-
water SRP by the CZ capping layer was found to be

16.3–97.9%. For the Fe-CZ covering column, through-
out the period of the sediment incubation, the SRP con-
centration in OVER-water remained at an extremely
low level (0.003–0.017 mg/L). The removal rate of
OVER-water SRP by the Fe-CZ capping layer was
found to be 77.8–99.7%.

The temporal variations of OVER-water NH3-N concen-
tration in different columns as well as the removal rate of
OVER-water NH3-N by the CZ and Fe-CZ capping layers
are shown in Fig. 5 e and f, respectively. It was shown that
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Fig. 5 Variation of aDO concentration and b pH value of overlying water. c Change in SRP concentration of overlying water. d Removal rate of SRP in
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the OVER-water NH3-N concentration without capping in-
creased in the first 45 days of the incubation experiment over-
all, and then it remained basically unchanged (4.07–4.38 mg/
L) with a further increase of the incubation time from 45 to
115 days. After 115 days of incubation, as the incubation
experiment went on, the OVER-water NH3-N concentration
without capping increased again, reaching the biggest value of
6.94 mg/L on the 120th day, and afterwards decreased to
5.03 mg/L when the incubation experiment was finished.
For the CZ capping column, the concentration of NH3-N in
OVER-water was remained at very low levels (0.13–0.90 mg/
L) throughout the whole period of the sediment incubation.
The OVER-water NH3-N concentrations in the CZ capping
column were much less than those in the control column, and
the removal rates of NH3-N by the CZ capping layer were
found to be 78.0–96.9%. For the Fe-CZ covering column,
the NH3-N concentration in OVER-water remained at very
low levels (0.03–0.42 mg/L) in the first 45 days of the exper-
iment, and then increased to 2.14 mg/L at the end of the
experiment with the further increase of the incubation time.
Compared to the control column, much less concentrations of
NH3-N in OVER-water were observed in the Fe-CZ capping
column. The reduction rate of OVER-water NH3-N by the Fe-
CZ capping layer was found to be 54.0–96.7%.

SRP and NH3-N concentrations in PORE-water

The concentrations of SRP and NH3-N in the sediment PORE-
water at day 135 are depicted in Fig. 6. As can be seen, the
concentration of SRP in PORE-water in various columns all
steadily increased with the increase of sediment depth.
Moreover, the PORE-water SRP concentrations of the 0–
30 mm sediment layer in the CZ and Fe-CZ capping columns
were less than those in the control column.When the sediment
depths were 0–10, 10–20, and 20–30 mm, the reduction rates
of PORE-water SRP by the CZ capping layer were calculated

to be 38.8, 40.5, and 13.6%, respectively, and those by the Fe-
CZ capping layer were calculated to be 77.6, 74.3, and 21.0%,
respectively. Obviously, the removal efficiencies of PORE-
water SRP at depths of 0–10, 10–20, and 20–30 mm by the
Fe-CZ covering layer were higher than those by the CZ cov-
ering layer. In general, the concentration of NH3-N in the
sediment PORE-water from the control column increased with
the increase of sediment depth. The concentrations of NH3-N
in the sediment PORE-water from the CZ and Fe-CZ capping
columns were significantly lower than those from the control
column. The CZ capping layer resulted in 57.1, 49.5, 40.9,
50.9, and 24.3% reduction in the concentrations of PORE-
water NH3-N in the 0–10, 10–20, 20–30, 30–40, and 40–
50 mm layers sediment, respectively, and the Fe-CZ capping
layer led to 23.8, 24.8, 17.4, 39.1, and 38.7% reduction in the
PORE-water NH3-N concentrations in the 0–10, 10–20, 20–
30, 30–40, and 40–50 mm sediment layers, respectively.

P-DGT concentrations in overlying water-sediment
profiles

The vertical distribution of P-DGT concentration (CP-DGT) in
the profile of OVER-water and sediment in different columns
is depicted in Fig. 7. A presented in Fig. 7, without capping,
the OVER-water CP-DGT values ranged from 0.099 to
0.135 mg/L, while the CP-DGT value in the sediment gradually
increased from 0.071 to 0.712 mg/L when the depth of sedi-
ment increased from 2 to 34 mm. The vertical distribution
pattern of CP-DGT in the CZ and Fe-CZ capping columns
was similar to that in the control column. However, the CP-

DGT value in the profile of sediment and OVER-water in the
CZ and Fe-CZ capping columns were less than those in the
control column. The CZ capping brought about 55.2–91.4%
reduction in the CP-DGT value of OVER-water, and gave rise
to 3.0–83.2% reduction in the CP-DGT value of sediment. The
CP-DGT values of OVER-water in the Fe-CZ covering column
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were 63.6–94.8% less than those in the control column, and
those of sediment in the Fe-CZ covering column were 44.6–
95.9% lower than those in the control column. Furthermore,
the CP-DGT value in the sediment from the Fe-CZ capping
column was less than that from the CZ capping column.

P speciation in sediments

The quantities of various P species in sediments collected
from different columns are presented in Fig. 8. It was found
that the main P forms of sediments collected from the control,
CZ capping and Fe-CZ capping columns were P-BD, P-
NaOH, P-HCl, and P-RES, while the sediments from this
study contained negligible P-LOOSE. The CZ and Fe-CZ
capping gave rise to a significant reduction in the P-BD quan-
tity of sediment. The amounts of P-BD in the sediments at
depths of 0–10, 10–20, 20–30, 30–40, and 40–50 mm in the
CZ capping column were 50.9, 48.3, 35.1, 37.7, and 27.1%
less than those in the control column, respectively, and those
in the Fe-CZ capping column were 56.7, 41.7, 39.0, 31.3, and
23.8% lower than those in the control column, respectively.
On the whole, the CZ and Fe-CZ capping had little impact on
the content of P-NaOH in sediment. After CZ and Fe-CZ
capping, the content of P-HCl in the top 10 mm sediment
significantly rose (increased by 17.1 and 30.9% after CZ and
Fe-CZ capping, respectively), while the P-HCl amount in the
10–50 mm sediment layer did not change remarkably. When
comparing the CZ capping column with the control column,
the content of P-RES in the top 10 mm sediment increased
significantly (by 23.9%), and that in the 10–50 mm sediment
layer changed little. The Fe-CZ capping caused an obvious
increase in the P-RES quantity of the top 0–20 mm sediment,
while it had marginal effect on the amount of P-RES in the
20–50 mm sediment layer.

P fractionation in capping materials after their
application

The distribution of various P species in the capping materials
collected from the CZ and Fe-CZ columns is illustrated in
Fig. 9. It was found that the contents of P-LOOSE, P-BD, P-
NaOH, P-HCl, P-RES, and P-TOTAL (total extractable P, sum
of P-LOOSE, P-BD, P-NaOH, P-HCl, and P-RES) in the used
CZ capping layer were 5.9, 53.1, 17.5, 145.4, 74.8, and
296.7 mg/kg, respectively, while those in the used Fe-CZ cap-
ping layer were 2.0, 37.7, 21.8, 177.2, 89.7, and 328.4 mg/kg,
respectively. The percentages of various P species to the total
adsorbed P in the used CZ covering layer decreased in the
order of P-HCl (49.0%) > P-RES (25.2%) > P-BD (17.9%) >
P-NaOH (5.9%) > P-LOOSE (2.0%), and those in the used
Fe-CZ covering layer decreased in the order of P-HCl
(54.0%) > P-RES (27.3%) > P-BD (11.5%) > P-NaOH
(6.6%) > P-LOOSE (0.6%).

Discussion

Removal performance and mechanism of phosphate
and ammonium by Fe-CZ

Our study found that the sorption equilibrium of ammonium
on CZ and Fe-CZ could be easily reached within a short time
(Fig. 4 a and b), and the maximum ammonium sorption ca-
pacities for CZ and Fe-CZ could reach 3.85 and 3.76 mg N/g,
respectively (Table 2). These results indicate that CZ and Fe-
CZ give a good performance for ammonium sorption.
Previous studies have shown that ammonium sorption onto
zeolite is mainly controlled by cation exchange mechanism
(Lin et al. 2011; Lin et al. 2014). In addition, calcite has neg-
ligible affinity for NH3-N in water (Lin et al. 2011). Thus, the
sorption of NH3-N from water on CZ is mainly attributed to
zeolite, and the cation exchange between zeolite and NH3-N is
a key mechanism responsible for the sorption of NH3-N from
water on CZ. The maximum ammonium sorption capacity for
Fe-CZ was close to that for CZ (Table 2), indicating that the
modification of CZ with Fe has a slight impact on the sorption
capacity for CZ. This also suggests that the sorption of am-
monium on Fe-CZ is mainly ascribed to the ammonium sorp-
tion ability for CZ rather than Fe species. Thus, similar to CZ,
the cation exchange between zeolite and NH3-N could play a
key role in the sorption of ammonium from water on Fe-CZ.

Li et al. (2017b) found that the removal of phosphate by
calcite involved adsorption and precipitation mechanisms de-
pending on the initial phosphate concentration and reaction
time (Li et al. 2017b). When the initial phosphate concentra-
tion was relatively low and the reaction time was relatively
short, the removal of phosphate by calcite was mainly
governed by adsorption (Li et al. 2017b). When the initial
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phosphate concentration was relatively high and the reaction
time was relatively long, the removal of phosphate by calcite
started with a certain amount of phosphate adsorption, follow-
ed by precipitation (Li et al. 2017b; Liu et al. 2012). Our study
found that the amount of phosphate removed by CZ at
1440 min of reaction time was comparatively low (0.291 mg
P/g in Fig. 3 a and 0.0666–0.0938 mg P/g in Fig. 3 b), while
that at 2880–4320 min of reaction time was comparatively

high (1.20–2.77 mg P/g in Fig. 3a). Thus, the adsorption
mechanism is expected to play a role in the removal of phos-
phate by CZ at a relatively short time (e.g., 1440 min), and the
precipitation mechanism is expected to play a role in the re-
moval of phosphate by CZ in addition to the adsorption mech-
anism at a relatively long time (e.g., 2880–4320 min).
Additionally, the precipitation of phosphate with the released
Ca2+ ions from zeolite through a Ca2+/NH4

+ exchange process
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was an important mechanism responsible for the removal of
phosphate by zeolite (Lin et al. 2011, 2014). Thus, the precip-
itation of phosphate with the Ca2+ ions released from zeolite
also plays a role in the removal of phosphate by CZ.

This study found that Fe-CZ presented much higher phos-
phate sorption capacity than CZ (Fig. 3 a and b), which indi-
cates that Fe-CZ gives a good performance for the phosphate
removal. This could be mainly attributed to the strong affinity
of Fe species on the Fe-CZ surface towards phosphate.
Previous literatures showed that the ligand exchange of hy-
droxyl groups bound to Fe with the negatively charged oxy-
gen of phosphate forming the inner-sphere Fe-O-P complex is
a key mechanism for the absorptive removal of phosphate by
iron oxide/hydroxides (Fu et al. 2018; Zhang et al. 2019).
Therefore, the mechanisms for the removal of phosphate by
Fe-CZ at a relatively long time are expected to include the
adsorption of phosphate on calcite, the precipitation of phos-
phate with the Ca2+ ions released from calcite and zeolite, and
the adsorption of phosphate on the Fe species of Fe-CZ via a
ligand exchange process, while the removal of phosphate by
Fe-CZ at a relatively short time are expected to be mainly
controlled by the mechanism for the adsorption of phosphate
on calcite and Fe species.

Efficiency for control of sedimentary P and N release
into OVER-water by Fe-CZ capping layer

When no any capping material was placed onto the top of
sediment, the sediment P could be greatly released into the
OVER-water under the oxygen-deficient condition, resulting
in a high concentration of SRP in the OVER-water under no
capping condition (Fig. 5c). This is to say, the sediment used
in this study served as a source of P for the water column
during the period of the simulation experiment. This could
be explained as follows. After 10 days of incubation, the sed-
iment from the control reactor was maintained at the condition

of anoxic environment (Fig. 5a). In an aerobic environment,
phosphate can reacted with Fe(III) to form Fe2(PO4)3 and it
can be adsorbed by Fe(III) oxide/hydroxides in sediment,
resulting in that it was difficult for the sedimentary P to be
released under aerobic condition (Jiang et al. 2008; Kang et al.
2018). In contrast, the anoxic environment could induce the
reduction of Fe(III) to Fe(II) and finally result in the liberation
of P bound by Fe(III) oxide/hydroxides (Jiang et al. 2008,
Kang et al. 2018). Thus, the reductive dissolution of Fe(III)
compounds to Fe(II) compounds and the subsequent libera-
tion of P bound to Fe oxide/hydroxide could have an impor-
tant role in the significant liberation of sediment P in the con-
trol reactor after day 10. However, when CZ and Fe-CZ were
placed onto the top of sediment, the liberation of P from the
sediment into the OVER-water could be effectively
intercepted by the CZ and Fe-CZ capping layers, leading to
that the concentrations of SRP in the OVER-water under CZ
and Fe-CZ covering conditions were much lower than those
under no capping condition (Fig. 5c). Furthermore, the con-
centrations of OVER-water SRP under Fe-CZ capping condi-
tion were much less than those under CZ capping condition
(Fig. 5c), suggesting that the Fe-CZ capping layer has a stron-
ger ability for intercepting the release of sedimentary P into
OVER-water than the CZ capping layer. It is well known that
the CP-DGT value of water is a good indicator representing the
labile fraction of P in the water (Burns et al. 2015; Qin et al.
2018; Zhang et al. 1998). After the application of CZ and Fe-
CZ as capping materials to cover sediment, the CP-DGT values
in the OVER-water profile greatly decreased (Fig. 7). This
further demonstrates that CZ and Fe-CZ capping can effec-
tively control the liberation of P from sediments into OVER-
water. It should be noted that the application of Fe-CZ as a
capping material decreased the OVER-water SRP concentra-
tions to a very low level (0.003–0.017 mg/L) throughout the
whole period of sediment incubation, and a very high control-
ling efficiency of more than 99% was sustained up to the
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135th day after application (Fig. 5 c and d). This indicates that
sediment capping with Fe-CZ is a very effective method for
the interception of sediment-P release into OVER-water.

Without the placement of capping material on the top of
sediment, NH3-N could be greatly liberated from the sediment
into the OVER-water, giving rise to a very high concentration
of NH3-N in the OVER-water under no capping condition
(Fig. 5e). In other words, the sediment employed in this re-
search also served as a source of NH3-N for the water column
during the incubation period. However, the liberation of NH3-
N from the sediment into the OVER-water could be effective-
ly intercepted by the CZ and Fe-CZ capping layers, resulting
in that the concentrations of NH3-N in the OVER-water under
CZ and Fe-CZ capping conditions were much less than that
under no capping condition (Fig. 5e). The application of Fe-
CZ as a capping layer decreased the OVER-water NH3-N
concentration to an extremely low level (0.028–0.423 mg/L)
during the period of 50 days’ incubation, and a very high
controlling efficiency of about 90% was sustained up to the
50th day after application (Fig. 5 e and f). Although the con-
trolling efficiency of NH3-N release from sediment into
OVER-water by the Fe-CZ capping layer declined after
50 days, the relatively high controlling efficiency of about
58% was sustained up to the 135th day (Fig. 5 e and f).
These results demonstrate that sediment capping with Fe-CZ
is an effective method for the control of NH3-N release from
the sediment into the overlying water.

Reduction of PORE-water SRP and NH3-N by Fe-CZ
capping layer

Generally, P and N in sediment are released into PORE-water
at first, and the soluble P and N in the PORE-water are then
transported into OVER-water via a diffusion mechanism (Yu
et al. 2017; Zhu et al. 2019). That is to say, the molecular
diffusion of the dissolved P and N from PORE-water to
OVER-water at the interface between the OVER-water and
sediment (IF-SW) is an important way for the liberation of
sedimentary P and N into OVER-water. According to the dif-
fusion theory, the diffusion flux of the dissolved P and N from
PORE-water into OVER-water across the IF-SW depends on
the concentration difference of the dissolved P and N between
PORE-water and OVER-water, and a high level of the soluble
P and N in PORE-water is beneficial to the upward diffusion
of the dissolved P and N from PORE-water into OVER-water
(Yu et al. 2017, Zhu et al. 2019). Thus, if the soluble P and N
in PORE-water are removed by the capping material, the risk
of the diffusion of the dissolved P and N from PORE-water
into OVER-water will be reduced, which will be conducive to
the interception of sedimentary P and N liberation by the cap-
ping material. Our study found that the concentration of
PORE-water SRP in the 0–20 mm sediment layer and that
of PORE-water NH3-N in the 0–50 mm sediment layer were

greatly reduced by the CZ and Fe-CZ capping layers (Fig. 6),
weakening the free molecular diffusion of SRP and NH3-N
from PORE-water to OVER-water through the IF-SW. Thus,
the reductions of PORE-water SRP and NH3-N concentra-
tions after capping CZ and Fe-CZ play an important role in
the prevention of sedimentary P and N release into OVER-
water by the CZ and Fe-CZ capping.

This work found that CZ and Fe-CZ possessed a good
ability to remove phosphate and ammonium from aqueous
solution (Fig. 3, Fig. 4 and Table 2). Therefore, the reduction
of SRP and NH3-N in PORE-water after CZ and Fe-CZ cap-
ping (Fig. 6) could be mainly attributed to the immobilization
of PORE-water SRP and NH3-N by the CZ and Fe-CZ cap-
ping layers. The immobilization of NH3-N in PORE-water by
the CZ and Fe-CZ capping layers could bemainly attributed to
zeolite, and the cation exchange reaction between zeolite and
NH3-N could be a key mechanism responsible for the immo-
bilization of NH3-N from PORE-water by the CZ and Fe-CZ
capping layers. The immobilization of SRP in PORE-water by
the CZ capping layer could be mainly controlled by adsorp-
tion and precipitation mechanisms, that is to say, the adsorp-
tion of SRP on calcite and the precipitation of SRP with the
Ca2+ ions that was released from calcite and zeolite. The im-
mobilization of SRP in PORE-water by the Fe-CZ capping
layer could be mainly ascribed to the adsorption of SRP on
calcite, the precipitation of phosphate with Ca2+ released from
calcite and zeolite, and the adsorption of SRP on the Fe spe-
cies of Fe-CZ via a ligand exchange process.

Stratification of P-DGT in sediment after Fe-CZ
capping

P-DGT in sediment not only includes the labile fraction in
PORE-water but also includes the labile fraction being weakly
linked to the sediment solid (Chen et al. 2015; Ding et al.
2015). Thus, theCP-DGT value of sediments is a good indicator
that can reflect the risk of P release from the sediment solids
into the water phase including PORE-water and OVER-water.
In the present study, sediment capping with CZ and Fe-CZ
both caused the reduction of P-DGT in the sediment (Fig. 7).
This indicates that the CZ and Fe-CZ capping both increases
the difficulty of the release of sedimentary P into PORE-water.
Obviously, the decrease of the risk of P release from sediments
into PORE-waters is beneficial to the interception of sedimen-
tary P liberation into OVER-waters. In addition, this work
showed that the reduction efficiency of P-DGT in sediments
by the Fe-CZ capping layer was higher than that by the CZ
capping layer (Fig. 7). This demonstrates that the difficulty of
P release from sediments into PORE-waters under Fe-CZ cap-
ping condition is larger than that under CZ capping condition.
Thus, from the point of the view of the reduction in the sed-
iment P-DGT concentration, Fe-CZ capping is a better option
for inhibiting the liberation of P from sediments than CZ
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capping. Previous studies (Ding et al. 2018; Lin et al. 2019b;
Wang et al. 2017) found that the CP-DGT value of the sediment
directly below the IF-SWat a certain depth was tremendously
reduced by capping with lanthanum-activated bentonite
(Phoslock®) and zirconium-modified bentonite (ZMB), and
a static layer with an extremely low CP-DGTwas formed in the
top sediment layer directly below the IF-SW. These previous
studies (Ding et al. 2018, Lin et al. 2019b, Wang et al. 2017)
also found that the formation of static layer in the upper sed-
iment plays a key role in the prevention of sedimentary P
liberation into OVER-water. In this study, after Fe-CZ cap-
ping, a very low concentration of P-DGT (0.004–0.017 mg/L)
was found in the 0–10 mm sediment layer. This suggests the
formation of P static layer in the 0–10mm sediment layer after
Fe-CZ capping. Thus, the appearance of P static layer in the 0–
10 mm sediment layer is critical to sustaining the capping
effect of Fe-CZ.

Effect of Fe-CZ capping on P speciation in sediments

The stabilization of P in sediments is closely associated to its
speciation. It is commonly accepted that P-LOOSE and P-BD
are easy to be liberated under common pH and anoxic condi-
tion, and they are the components of mobile P in sediments
becoming the internal source of P (Meis et al. 2012; Rydin and
Welch 1998; Wang and Pei 2013). To be contrary, P-NaOH
and P-HCl are relatively stable and are difficulty released un-
der common pH and anoxic condition (Meis et al. 2012;Wang
and Pei 2013). P-RES is very stable form of P in sediment and
is very difficult to be liberated from sediment (Meis et al.
2012). In the present study, the CZ and Fe-CZ capping gave
rise to a significant decrease in the quantity of P-BD in the 0–
50-mm sediment layer, while it had a marginal influence on
the P-LOOSE amount in the 0–50-mm sediment layer (Fig. 8),
indicating that the quantity of mobile P in the sediment can be
effectively reduced by the CZ and Fe-CZ capping layers.
Furthermore, the CZ and Fe-CZ capping had little influence
on the P-NaOH concatenation in the 0–10-mm sediment layer,
but increased the amounts of P-HCl and P-RES in the 0–10-
mm sediment layer (Fig. 8). This suggests that the CZ and Fe-
CZ capping can induce the transformation of P-BD to P-HCl
and P-RES in the top 10 mm sediment. Moreover, the CZ and
Fe-CZ capping had little impact on the P-NaOH and P-HCl
amounts in the 10–20 mm sediment, and the CZ capping also
had negligible effect on the P-RES content in the 10–20 mm
sediment. But, the Fe-CZ capping increased the P-RES con-
tent in the 10–20mm sediment. This demonstrates that the Fe-
CZ capping also can induce the conversion of P-BD to P-RES
in the 10–20 mm sediment. In addition, the CZ and Fe-CZ
capping had a small influence on the contents of P-NaOH, P-
HCl, and P-RES in the 20–50 mm sediment. This implies that
the main reason for the disappearing of P-BD in the 20–

50 mm sediment is the upward transportation of P-BD to-
wards the 0–20-mm sediment layer or the capping layer.

Taking all the above results and discussion into account,
the explanation for the reduction of mobile P in the upper
sediment after CZ and Fe-CZ capping were proposed. Under
CZ and Fe-CZ capping condition, the mobile P in sediment
could be released into PORE-water at first, and then the dis-
solved P in PORE-water could be effectively sorbed by the CZ
and Fe-CZ capping layers. The CZ and Fe-CZ capping could
accelerate the liberation of mobile P from sediment into
PORE-water, which could be resulted in the reduction of mo-
bile P in the sediment after CZ and Fe-CZ capping compared
to no capping. Additionally, the change of P-BD to other
forms of P (P-HCl and P-RES) is also responsible for the
reduction of in the top sediment layer by the CZ and Fe-CZ
capping layers.

P accumulation in Fe-CZ capping layer
after application and stabilization of P in used Fe-CZ
capping layer

If the P bound by the capping material is unstable and easy to
be re-released, the control efficiency of sedimentary P libera-
tion by the capping material is expected to be low. In this
investigation, the contents of P-TOTAL in the used CZ and
Fe-CZ were 297 and 328 mg/kg, respectively (Fig. 9a). This
result indicates that the CZ and Fe-CZ capping layers can
effectively adsorb the P in the system of sediment and water.
Furthermore, the amount of P-TOTAL in the used Fe-CZ was
higher than that in the used CZ, which suggests that Fe-CZ has
a strong ability for the sorption of P from the sediment-water
system. Moreover, the percentages of mobile P (sum of P-
LOOSE and P-BD) in the used CZ and Fe-CZ capping layers
were 19.9 and 12.1%, respectively, while those of non-mobile
P (sum of P-NaOH, P-HCl and P-RES) were 80.1 and 87.9%,
respectively (Fig. 9b). This suggests that most of the P bound
by the CZ and Fe-CZ capping layers is relatively or very
stable, and most of the bound P is difficult to be re-released
into OVER-water under common pH (5–9) and anoxic condi-
tion. Thus, form the point of view of the stability of the bound
P in the capping layer as well as the sorption efficiency of P
from the sediment-water system, CZ and Fe-CZ are suitably
used as covering materials for the interception of sedimentary
P liberation, and Fe-CZ capping is a better choice for the
control of P liberation from sediments.

Mechanism for control of sedimentary P and N
liberation by Fe-CZ capping

From the results and discussion mentioned above, the mech-
anism for the interception of sedimentary P and N liberation
into OVER-water by capping Fe-CZ is proposed. Without Fe-
CZ capping, P and N could be released from sediment into
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PORE-water firstly, and then the soluble P and N in PORE-
water could be further transported into OVER-water through
the IF-SW via a diffusion mechanism. Under Fe-CZ capping
condition, the capping layer could induce the transformation
of mobile P (mainly P-BD) to non-mobile P (mainly P-HCl
and P-RES) in the top sediment, which makes the P in the top
sediment more stable relative to no capping. This will increase
the difficulty of the liberation of P from the top sediment into
PORE-water, which will be beneficial for the control of P
liberation from sediments by capping Fe-CZ. Furthermore,
the P and N in PORE-water could be diffused towards the
Fe-CZ capping layer. Once the soluble P and N arrived at
the Fe-CZ capping layer, they will be immobilized by the
Fe-CZ capping layer, giving rise to the decrease of the SRP,
P-DGT, and NH3-N concentrations as well as the formation of
P static layer in the upper sediment. This also will make a
contribution to the interception of sedimentary P and N liber-
ation by capping Fe-CZ.

Conclusion

Based on the results of this research, the following conclusion
can be made:

1. Sediment capping with Fe-CZ not only gave rise a signif-
icant reduction of OVER-water SRP and NH3-N concen-
trations, but also brought about a great decrease of PORE-
water SRP concentration in the 0–30-mm sediment layer
as well as PORE-water NH3-N concentration in the 0–50-
mm sediment layer.

2. The Fe-CZ capping layer gave rise to a great decrement of
P-DGT in the profile of OVER-water and sediment.

3. The Fe-CZ capping resulted in the reduction of P-BD in
the top 50 mm sediment, and caused the transformation of
P-BD to P-HCl and P-RES in the top 10 mm sediment as
well as the conversion of P-BD to P-RES in the 10–
20 mm sediment.

4. Most of the P bound by the Fe-CZ capping layer is rela-
tively or very stable, and it is difficult to be re-released
into OVER-water under common pH (5–9) and anoxic
condition.

5. The reduction efficiencies of the OVER-water SRP, the
PORE-water SRP at depth of 0–30 mm, the OVER-water
P-DGT and the P-DGTof the top 35 mm sediment by the
Fe-CZ capping layer were higher than those by the CZ
capping layer.

Results of this research indicate that the Fe-CZ capping has
a high potential for the simultaneous management of P and N
release from sediments, and the decrease of sediment P-DGT,
PORE-water SRP and PORE-water NH3-N as well as the
transformation of mobile P to more stable P after Fe-CZ cap-
ping should have a significant role in the simultaneous

interception of sedimentary P and N liberation into OVER-
water by capping Fe-CZ.
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