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HIGHLIGHTS GRAPHIC ABSTRACT

* Lanthanum modified bentonite (LMB) can effec-
tively absorb phosphorus (P). Thin-layer Capping
* Water treatment plant sludge (WTPS) capping is oo T : \
effective for controlling P release.

* Aluminum-based P-inactivation agent (Al-PIA)
is an efficient P control material.

* The P adsorbed by WTPS and Al-PIA is mainly
in the form of NAIP.
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1 Introduction Sediment nutrients, especially nitrogen (N) and phos-

phorus (P), significantly contribute to water eutrophication
Eutrophication is a global environmental problem and (Caietal, 2020; Pan G et al., 2012; Wu et al., 2019a). The
pervasive in many lakes, coastal areas, and rivers around  release of N and P from lake sediment generates “internal
the world (Tu et al., 2019). With the rapid development of ~ loading,” which accelerates eutrophication and delays the
industrialization and urbanization, eutrophication ubiqui- recovery of damaged ecosystems, regardless of the
tously poses a threat to drinking water supplies in China  reduction of “external loading” (Powers et al., 2014; Wu
(He et al., 2021; Huang et al., 2014; Wang et al., 2019). et al., 2019b). For example, Yundang Lagoon (Xiamen,
China) has been eutrophicated for many years, and the
local government has successively carried out a series of
X Corresponding author measures, such as sewage interception, silt removal, and
E-mail: zhenming@hqu.edu.cn ecological revetment construction, to deal with this
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problem. Although the water quality and ecological
environment of Yundang Lagoon have improved to a
certain degree, the N and P levels remain high, leading to
serious water pollution (Ye et al., 2014). This problem is
attributed to the continuous release of N and P from the
contaminated sediment in Yundang Lagoon to the over-
lying water column. In this sense, reducing the release of N
and P from the sediment can effectively control water
eutrophication.

At present, dredging and capping are the two main
measures to control the release of endogenous phosphorus
(Yin et al.,, 2019). Due to the low cost, low hazard
potential, and extensive adaptability, capping has recently
attracted increased attention (Ichihara and Nishio, 2013;
Zhan et al., 2019). In terms of capping technology, the
selection of the capping materials is important for the
performance and efficiency of pollutant control. The
currently used capping materials can be divided into four
categories (i.e., natural materials, synthetic materials,
modified materials, and industrial by-products) (Douglas
et al., 2016). Lanthanum-modified materials have received
considerable attention, and lanthanum-modified bentonite
(LMB) is widely used in Europe, the United States, and
other regions (Waajen et al., 2016; Ding et al., 2018).

Water treatment plant sludge (WTPS) is a by-product
formed by the adsorption of iron or aluminum salt
flocculants during water purification (Ippolito et al.,
2011; Okuda et al., 2014); it is rich in amorphous
aluminum iron salt and has good sorption properties for
phosphorus (Li et al., 2013; Wang et al., 2013). Wang and
Pei et al (2011) reported that the maximum adsorptive
capacity of WTPS could reach 45 mg/g, estimated via the
Langmuir isotherm model. According to Wang et al.
(2013), WTPS is an ideal material for controlling
phosphorus pollution in lakes by laboratory simulation
experiments. However, WTPS has the risk of releasing
ammonium nitrogen and organic matter into the water-
bodies, causing secondary pollution (Ichihara and Nishio,
2013). To deal with this problem, an aluminum-based P-
inactivation agent (Al-PIA) has been developed (Liu et al.,
2019), which was obtained by calcining WTPS and solved
the problem of releasing ammonium nitrogen and organic
matter from WTPS to waterbodies.

In this study, the effects of WTPS and Al-PIA as thin-
layer capping materials to control the release of N and P
from sediment were investigated using static simulative
laboratory experiments. The other two commonly used
adsorbent materials, LMB and quartz sand (QS), were
tested for comparison. The concentration changes of total
phosphorus (TP), ammonium nitrogen (NH,;"-N), and total
organic carbon (TOC) in the overlying water were
investigated. At the beginning and the end of the
experiment, the concentrations of different forms of
phosphorus, ammonium nitrogen, and organic matter in
WTPS, AI-PIA, and sediment of each system were
determined, and the transfer pathways of different P

forms were analyzed. Our results can provide a theoretical
basis and technical support for the application of Al-PIA in
controlling the release of nutrients from sediment and
reducing water eutrophication.

2 Materials and methods

2.1 Experimental materials

2.1.1 Sediment sampling

The sediment was sampled from the surface sediment of
Yundang Lagoon (Xiamen, Fujian Province, China). A
Peterson grab dredger was used for sediment collection to a
depth of 20 cm. The collected sediment was mixed evenly
and passed through 16 meshes (aperture 1 mm) of steel
sieve, homogenized, and kept at 4°C until analysis. The
overlying water used in the experiment was tap water.

2.1.2 Capping materials

The QS was purchased from China Lianyungang Xinhai
Quartz Products Co., Ltd, rinsed thrice with tap water, and
dried before use. The LMB was obtained from Taiwan
Datang Xingye Co., Ltd., China.

The WTPS used in this experiment was obtained from
waterworks station in Xiamen (Fujian Province, China),
and the coagulant used in the plant was polymeric
aluminum ferric chloride sulfate (PAFCS). The Al-PIA
was obtained by calcining WTPS. The detailed prepara-
tion, mineral composition, and elemental composition of
WTPS and Al-PIA are described in Zhou et al. (2018). The
particle size of all capping materials was 1-2 mm.

2.2 Experimental procedures

The experiment lasted 118 days (d); Fig. 1 shows a scheme
of the experimental set-up. The experimental device was a
glass bottle with a 10-L volume and a 100-mm diameter. In
total, there were 15 glass bottles, which were divided into
five groups, and each group had three parallel samples. The
five groups were numbered 1-5#, and the conditions of
each group were as follows: (1) 1# was the control system
without capping material; (2) 2# was the QS thin-layer
capping system; (3) 3# was the WTPS thin-layer capping
system; (4) 4# was the Al-PIA thin-layer capping system;
(5) 5# was the LMB thin-layer capping system. The
sediment weight in each bottle was 2.61 kg, at a thickness
of 5 cm. The dose rate at 2 kg/m? of different capping
materials was spread evenly on the sediment in the four
thin-layer capping systems; the capping layer was
approximately 2 mm. The selection of the dose rate and
the capping layer thickness were based on a previous study
(Li et al., 2019). The volume of the overlying water was
9 L, at a height of 25 cm.
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Fig. 1 Schematic of the experimental glass bottle. D Glass
bottle; @ Overlying water; 3 Capping materials; @ Sediment.

During the experiment, the glass bottles were not sealed,
and the dissolved oxygen (DO) concentration of the
overlying water column was not controlled. Water
temperature, pH, DO, and oxidation-reduction potential
(ORP) were measured at a depth of 10 cm of the overlying
water in each system every few days. The TP, NH4*-N, and
TOC levels in the overlying water were measured at
regular intervals. Tap water was supplemented to the
original calibration line.

Surface sediment, WTPS, and AIl-PIA samples were
collected after the experiment. The sediment was mixed
evenly, placed into a refrigerator for 2—3 h, and then dried
in a freeze dryer. After that, the sediment was milled and
passed through 100-mesh nylon sieves for detection. The
collected WTPS and AI-PIA samples were rinsed thrice
with tap water to remove impurities. Subsequently, WTPS

and AI-PIA samples were washed thrice with ultra-pure
water and dried in an electric oven at 105°C for 6 h.
Finally, the dried Al-PIA was milled and passed through a
100-mesh nylon sieve for analysis.

2.3 Chemical analysis

The solution pH was measured by using a Rex multi-
parameter pH meter (DZS-708A, Shanghai Precision
Instrument Co., Ltd., China). Water temperature and DO
level were measured using a portable dissolved oxygen
analyzer (HACH, HQ30d). The ORP was determined
using a portable single parameter ORP meter (SX712,
Shanghai Three-letter Instrument Co., Ltd., China). The
concentrations of NH,*-N and TP in the overlying water
were analyzed within 2 h according to the standard method
(Ministry of environmental protection of China, 2002).
The TOC concentration was measured using a TOC
analyzer (V CPN, Shimadzu, Japan).

The contents of different P forms in sediment, WTPS,
and Al-PIA were determined by the Standard Measurement
and Testing (SMT) method, including total phosphorus
(TP), inorganic phosphorus (IP), organic phosphorus (OP),
non-apatite inorganic phosphorus (NAIP), and apatite
phosphorus (AP) (TP = OP + IP, IP = NAIP + AP) (Ruban
et al., 1999); Fig. 2 shows the extraction procedures (Zhou
et al., 2018).

2.4 Data analysis

The release strength of sediment contaminants was
calculated according to Eq. (1):

Ry= (V% (G, o)+ 3 Vi (G- Co)/(S x ). (1)
i=1

=

where R, (mg/(m?-d)) is the release intensity of sediment
pollutants at the time of the » sampling, n is the total
number of samples, V' (L) is the overlying water volume in

The protocols of SMT extraction

| TP: 20 mL 3.5 mol/L HCI, 250 t/min, 16 h |

0.2¢,450°C,3h

4| Sediment, WTPS or Al-PIA Ii

02¢g

NAIP: 20 mL 1 mol/L NaOH, 250 r/min,
16 h; 10 mL Extraction liquid + 4
mL 3.5 mol/L HCI, Static, 16 h

Residual

02¢g

| IP: 20 mL 1 mol/L HCI, 250 r/min, 16 h |

Residual, 450 °C, 3 h

AP: 20 mL 1 mol/L HCI, 250 t/min, 16 h |

| OP: 20 mL 1 mol/L HCI, 250 t/min, 16 h |

Fig. 2 The protocols of SMT extraction.
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the glass bottle, C, (mg/L) is the mass concentration of
contaminants in the overlying water at the time of the nth
sampling, C, (mg/L) is the mass concentration of the initial
pollutant, i is the number of samples, V; (L) is the water
volume of the ith sampling time, C; (mg/L) is the quality
concentration of pollutants of the ith sampling, S (m?) is the
bottom mud-water interface area of the wide-mouth glass
bottle, and ¢ (d) is the release time of the pollutant.

The reduction efficiency for NH;"-N, TP, and TOC of
the overlying water was calculated using Eq. (2):

P= (CNC,-_CC,) ) /CNC,- X 100%, (2)

where P is the percent reduction efficiency of NH4"-N, TP,
and TOC of the overlying water, and C¢, (mg/L) and Cyc;
(mg/L) are the NH4"-N, TP, and TOC concentrations of the
overlying water from the four thin-layer capping systems
and the control system, respectively; i is the number of
samplings.

We used variance analysis to analyze the difference of
pollutant reduction effect among the thin-layer capping
systems and the control system, applying Origin 8.5.
Significance was assumed at p < 0.05.

3 Results and discussion
3.1 Performance of TP controlling

During the experiments, the temperature, DO concentra-
tion, ORP, and pH of the overlying water at a depth of 10
cm ranged from 26.7 to 32.0°C, 1.92-7.58 mg/L, 12-254
Vm, and 6.8-8.8, respectively. To examine the perfor-
mance of capping materials on the control of phosphorus
release from the sediment, the changes in TP concentra-

3.0

tions of the overlying water in each system were measured
(Fig. 3).

The release intensity of TP from the sediment of
Yundang Lagoon was 2.26-9.19 mg/(m*-d), with an
average release intensity of 7.42 mg/(m?-d) in the control
system. Compared with the control system, the reductive
efficiency for TP increased at different degrees in the
presence of capping materials. The removal rates for TP by
LMB, AI-PIA, WTPS, and QS were 94.82, 92.14, 86.88,
and 10.68%, respectively. Variance analysis showed that
the reductive effects for TP by LMB, Al-PIA, and WTPS
were significantly different from that of the control system
(P < 0.05), but similar to that of the QS system (P>0.05).
The Tp concentrations in the overlying water of the WTPS
system, the Al-PIA system, and the LMB system were
relatively low, mainly because the Pin the sediment was
fixed in the capping materials when passing through the
capping layer and was therefore not transferred to the
overlying water from the sediment. The Al-PIA and WTPS
systems could effectively immobilize P and control the
release of P from sediment due to their abundant
amorphous iron-aluminum salts, large specific surface
area, and positive charge (Li et al., 2013; Wang et al.,
2013). Consequently, P could easily be fixed in the
material via ligand (ion) exchange, surface precipitation, or
complexation (Ippolito et al., 2003; Yang et al., 2006).
Compared with WTPS thin-layer capping, Al-PIA thin-
layer capping was more effective in controlling the release
of P from sediment, which was attributed to the proportion
of elements in the material. According to a previous study
(Liu et al., 2019), compared with WTPS, the weight
percentages of Al and Fe in Al-PIA slightly increased by
2.3 and 0.54%, respectively. This is due to the reduction of
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Fig. 3 Changes of TP concentrations of overlying water in the five systems.



Zhenming Zhou et al. Capping materials for controlling phosphorus release from sediment 5

N and organic matter during calcination at 400°C, whereas
the boiling point of Al and Fe is higher than 400°C, which
means that these elements retain in Al-PIA during the
calcination process (Zhou et al., 2018). The increase in the
proportion of At and Fe** after calcination is conducive
to the increase of P absorption, because these metal ions
can form strong precipitation complexes with P (Hauduc
et al., 2015).

The control mechanism of P in LMB is focused on the
formation of highly insoluble lanthanum phosphate
complexes by lanthanum ions and phosphates (Haghser-
esht et al., 2009), and P would precipitate with lanthanum
ions and be fixed in LMB while migrating through the
sediment and capping layer. In this experiment, the average
P control effects of the Al-PIA system and the WTPS
system were only 2.72 and 7.94% lower than that of the
LMB system, respectively, indicating that WTPS and its
modified materials can effectively control P levels.

3.2 Performance of NH,*-N control

To further assess the performance of the capping materials
in the control of NH4*-N fluxes, the changes in the NH,*-
N concentrations of the overlying water in each system
were investigated (Fig. 4).

The NH,4"-N release from sediment was 6.62-232.68
mg/(m?-d) in the control system, with an average
calculated level of 90.84 mg/(m?-d). From 0 to 28 d, the
NH4™-N level in the overlying water increased, caused by
the large difference in the concentration of NH4*-N
between the overlying water and the sediment, facilitating
the release of NH4"-N from the sediment to the overlying
water column. After 28 d, the NH,*-N level gradually

decreased because the transformation of NH,*-N was the
dominant process. Compared with the control system, the
average reduction rates for NH;*-N in Al-PIA and LMB
systems were 20.32 and 11.51%, respectively. The
concentrations of NH4"-N in the overlying water of the
Al-PIA system and the LMB system were 3.35 and 4.71
mg/L, respectively, at 28 d, which was lower than in the
control system (8.97 mg/L). This indicates that the Al-PIA
and the LMB system had a certain effect on the release of
NH4"-N from the sediment via physical interception and
adsorption of the capping layer, slowing down the material
exchange between the sediment and the overlying water
(Li et al., 2019).

The average removal rate of NH;*-N in the WTPS
system was —19.24% compared with the control system,
implying that the WTPS system could not control the
release of NH;"-N from the sediment and also released a
certain amount of NH,*-N to the overlying water. This
result was consistent with the findings of a previous study
by Ichihara and Nishio (2013). As shown in Table 1, the
content of ammonium N in WTPS was 156.86 mg/kg
before the experiment and decreased by 110.70 mg/kg after
the experiment. This leads us to infer that ammonium N in
WTPS will be released into the waterbody, thus causing
secondary pollution. However, compared with WTPS, the
ammonium N content in Al-PIA slightly decreased by
99.44 mg/kg, which was attributed to the complex
combustion oxidation reaction during the calcination
process, leading to the gaseous release of carbohydrates
and nitrogenous compounds (Zhou et al., 2018; Liu et al.,
2019). Overall, the Al-PIA modified by WTPS calcination
could solve the problem of releasing NH4"-N from
sediment.

12.0
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Fig. 4 Changes of NH,"-N concentrations of overlying water in the five systems.
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Table 1 Changes of various forms of ammonium nitrogen and organic
matter content in WTPS and Al-PIA before and after tests

Ammonium nitrogen Organic matter

Sample content (mg/kg) content (mg/kg)

WTPS  Before reaction 156.86+1.08 163.69+0.24
After reaction 46.16+0.22 91.64+2.51

AI-PIA Before reaction 57.424-0.86 38.3240.08
After reaction 38.90+0.65 35.94+0.47

3.3 Performance of TOC control

The changes in TOC concentrations in the overlying water
of each system are shown in Fig. 5. The release intensity
range for TOC from sediment was 13.28-370.03 mg/
(m?-d), and the average release intensity was 105.13 mg/
(m?-d) in the control system. The average TOC reduction
rates of LMB, AI-PIA, WTPS, and QS systems were
14.34, 7.94, —73.94, and 6.21%, respectively, indicating
that the physical interception of Al-PIA, LMB, and QS
thin-layer capping slowed down the release of organic
matter from sediment. However, WTPS thin-layer capping
could not control the release of TOC from sediment, also
releasing a certain amount of organic matter into the
waterbody, which mainly attributed to the high content of
organic matter (Table 1) in WTPS and thus resulted in a
high risk of organic matter release. This result was in
agreement with the findings of Liu et al. (2019). Overall,
secondary pollution (i.e., the release of organic matter into
the water) could only be caused by the WTPS system.

3.4 Analysis of various forms of phosphorus in sediment

To explore the differences of the transformation of P, N,

and organic matter among the overlying water, the capping
materials, and the sediment, the contents of various forms
of the above indicators in the sediment were examined
(Fig. 6).

As seen in Fig. 6, the initial concentrations of TP, IP, OP,
NAIP, and AP in the sediment layer before the experiment
were 1,022.12,794.91, 194.76, 435.85, and 346.35 mg/kg,
respectively. Among them, IP and NAIP accounted for
77.77 and 42.64% of TP. This indicates that P in sediment
mainly occurs in the form of NAIP, which means that the
risk of P release from the sediment was greater (Li et al.,
2019). The levels of TP, IP, OP, and NAIP decreased in the
control sediment, whereas the AP concentration increased
to a certain degree, indicating that P in the sediment not
only migrates to the overlying water column but is also
transformed into the more stable form (AP). In particular,
the amount of migratory P in the sediment was higher than
that of transformative P, which attributed to the difference
in the P concentration between the overlying water and the
sediment. Compared with the background value, the
migration and transformation values of TP in control,
QS, WTPS, AIl-PIA, and LMB sediment were 92.49,
102.49, 169.57, 246.65, and 262.06 mg/kg, respectively.
Based on our results, LMB, Al-PIA, and WTPS thin-layer
capping promoted the migration and transformation of
easily released P in sediment, whereas QS thin-layer
capping had little effect. Moreover, WTPS, AI-PIA, and
LMB sediment decreased TP by 77.08, 154.16, and 169.57
mg/kg, IP by 58.59, 122.82, and 156.22 mg/kg, NAIP by
35.97, 115.10, and 122.30 mg/kg, AP by 10.28, 12.58, and
20.55 mg/kg, and OP by —10.28, 2.57, and 2.57 mg/kg,
respectively. We could show that LMB, AI-PIA, and
WTPS thin-layer capping contributed to the migration and
transformation of NAIP from inorganic P, facilitating the
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Fig. 5 Changes of TOC concentrations of overlying water in the five systems.
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formation of more stable P (Li et al., 2019; Liu et al.,
2019). Most likely, this is because these three active
materials had a strong ability to immobilize P, changing the
migratory and transformative direction of easily released P
in sediment and inhibiting the release of fixed P (Wang and
Jiang, 2016).

3.5 Analysis of various forms of phosphorus in WTPS and
Al-PIA

To explore the transformation of P between WTPS and Al-

PIA materials, the variation in different P forms in WTPS
and AIl-PIA before and after the test were measured
(Fig. 7).

At the start of the experiment, NAIP in Al-PIA increased
by 748.16 mg/kg and OP in Al-PIA decreased by 539.54
mg/kg compared with WTPS, most likely because the
conversion from OP to NAIP in WTPS during the
calcination process. The concentrations of TP and IP
increased throughout the simulation experiment. The
increase in the TP content of WTPS and AIl-PIA was
caused by IP. Moreover, NAIP most significantly con-
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Fig. 7 Changes of phosphorus content of sediment in different systems.
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tributed to the increased IP concentration, accounting for
90.59 and 91.94% of the IP for WTPS and AI-PIA,
respectively. This implies that WTPS and Al-PIA mainly
fixed NAIP in IP, and AI-PIA exhibited a higher
performance than WTPS in immobilizing P, which is in
accordance with the study of Hou et al. (2018). This can be
explained by the enhanced amorphous iron and aluminum
salt levels and by the active sites in Al-PIA during
calcination (Zhou et al., 2018). Moreover, AP in WTPS
and AIl-PIA was increased by 37.00 and 35.97 mg/kg,
respectively. Liu et al. (2019) reported that the mass
fraction of calcium in WTPS and AI-PIA was 0.10 and
0.11% respectively, indicating that WTPS and AI-PIA
could also form calcium P under certain conditions.
Furthermore, the P adsorption capacity of AI-PIA in this
experiment was 0.43 mg/g; this low efficiency was mainly
attributed to the low P concentration applied in the
overlying water of the AI-PIA thin-layer capping system
(below 0.2 mg/L), consequently suppressing the P
adsorption capacity of AI-PIA materials (Li et al., 2019).
Therefore, to obtain a good P removal, the concentration of
P and the coverage strength of Al-PIA should be taken into
account.

3.6 Evaluation of the four capping materials

As a traditional in situ capping material, QS is inexpensive
and readily available, but its thin-layer capping cannot
effectively control the release of pollutants from sediment.
Thick-layer capping can reduce the capacity of the
waterbody and affect the function of flood control and
drainage. In contrast, LMB is a widely used P-locking
agent and can rapidly reduce the P concentration in water.
However, because of its high cost and the formation of
stable LaPO4, LMB does not support the recovery and
reuse of P resources. The large-scale use of LMB may lead
to the depletion of P resources (Liirling et al., 2016).

The WTPS is a by-product (Okuda et al., 2014)
produced during water purification. It has a wide range
of sources, as well as abundant amorphous ion and
aluminum salts. Although it effectively adsorbs P (Li et al.,
2013; Wang et al., 2013), the direct application of WTPS
poses a threat to the waterbody (e.g., the release of
ammonium N and organic matter). Regarding Al-PIA
prepared with WTPS resource, it has several advantages,
such as low cost, large-scale applications, a great P
adsorption potential, and a low risk of ammonium N and
organic matter release (Liu et al., 2019). Our results show
that the average P reduction rate of Al-PIA was only 2.68%
lower than that of LMB when the coverage strength was 2
kg/m?, implying that AI-PIA is a promising P removal
material.

4 Conclusions

In our study, LMB, WTPS, and Al-PIA could effectively

control the release of P from sediment, in contrast to QS.
However, LMB, AI-PIA, and QS showed no significant
reduction in ammonium N and organic matter released
from the sediment. The WTPS not only increased
ammonium N and organic matter, but also released
ammonium N and organic matter into the water. The
LMB, Al-PIA, and WTPS systems efficiently immobilized
P, changing the migratory and transformative pathway of P
easily released from sediment and inhibiting the release of
fixed P. In summary, WTPS and its modified materials
could efficiently control P release from sediment, making
them promising tools in water purification.
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