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ABSTRACT

Water eutrophication is a significant environmental governance challenge faced by the world today, with nutrient
overloading being a primary cause, while aquatic sediment serves as the main storage site for these nutrients and other
pollutants. This study focused on the Guangfu Ancient City Moat in Handan City as the research subject, where lanthanum-
modified fly ash microspheres and Mg-O modified biochar, independently developed and processed, were employed in an
in-situ remediation efficiency simulation within containment boxes. The study also investigated phosphorus recovery and
utilization. The removal rates of total phosphorus in the containment boxes with fly ash microspheres, biochar, fly ash
microspheres wrapped in non-woven fabric, and biochar wrapped in non-woven fabric were 51.91%, 66.67%, 84.52%,
and 84.14% respectively, with removal effectiveness ranking as NO. 4’ > NO. 4” > NO. 3 > NO. 2. The research indicated
that both biochar and fly ash microspheres displayed outstanding performance in phosphorus adsorption, with fly ash
microspheres being more cost-effective compared to activated carbon. The containment box experiments effectively
demonstrated the significant impact of fly ash microspheres in the efficient recovery of phosphorus resources and the
improvement of aquatic environments, offering essential insights for the integrated management of water quality and soil.
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1. INTRODUCTION

Phosphorus, as a crucial element in ecosystems, plays a significant role in human production and influences nitrogen
fixation in plants, subsequently affecting carbon cycling®. Phosphorus finds widespread application in fields such as
agricultural fertilizers, pesticides, food additives, and various chemical substances?. Phosphorus from land flows into water
bodies through leaching, leading to high phosphorus concentrations in water bodies, causing eutrophication and ecosystem
imbalances®. Eutrophication severely impacts aquatic environments, posing threats to human life4. As external inputs are
gradually controlled, the release of phosphorus from sediment becomes a critical source of phosphorus in water bodies,
influenced by various environmental factors including pH, temperature, and dissolved oxygen, making it vital to delve into
and control the release of phosphorus from sediment®.

In-situ sediment restoration techniques are categorized into physical, chemical, and biological methods. While physical
techniques exhibit rapid and effective results, they are costly and not sustainable long-term, suitable for emergencies.
Chemical methods are fast-acting and targeted but the addition of large amounts of chemicals increases costs and may
cause secondary pollution. Biological methods are cost-effective, environmentally friendly, and capable of handling
complex pollutants without adverse effects on existing ecosystems, but are greatly influenced by factors like temperature,
leading to longer restoration periods®. Zhu” investigated the adsorption performance of modified composite materials using
modified sewage sludge, zeolite powder, and bentonite on nitrogen and phosphorus. Common techniques for controlling
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internal pollution include dredging, chemical passivation, sediment covering, and plant ecological restoration®.

Lanthanum, a rare earth element relatively abundant in the earth’s crust, forms strong bonds with phosphates®, making it
widely used for phosphorus removal in water bodies to reduce phosphorus levels. Lanthanum-based passivation materials
are extensively employed in the remediation of phosphorus pollution in water bodies due to their excellent phosphate
adsorption capacity’®. However, standalone lanthanum-based passivation materials are costly and exhibit average
adsorption capabilities, emphasizing the importance of providing carriers for lanthanum-based materials to enhance
phosphorus removal from water bodies.

Fly ash is a byproduct of coal combustion widely utilized in construction and environmental engineering fields. Being rich
in fine active pore channels and a large specific surface area, modified materials are extensively used to modify fly ash for
water body restoration'*2, Biochar (BC), a low-toxicity, low-cost, environmentally friendly material, is gaining attention
and has been proven to be an excellent carrier'®*. For instance, FeS-BC efficiently adsorbs Cré* (130.5 mg g* at pH
5.50)%, while Ca-Fe30,4-BC adsorbs As®* and Cd?*. However, whether using lanthanum-modified fly ash microspheres or
biochar, the materials are not effectively recycled. Failure to recover these materials will occupy space in water bodies.

This study is based on self-made lanthanum-modified fly ash microspheres and modified biochar for simulating in-situ
restoration of phosphorus pollution release in water body sediment, with food-grade non-woven fabric tea bags used to
encapsulate the modified materials for recovery. The recovered microspheres and biochar adsorbed with phosphates can
be applied to production and daily life after desorption, enabling multiple reuses of adsorbent materials. This experimental
approach can significantly reduce costs in future practical applications, while the food-grade non-woven fabric tea bags
prevent secondary pollution in water bodies. By comparing the adsorption performance of the two modified materials, this
study provides a scientific basis and application guidance for broadening the recovery and utilization of adsorbent materials
in actual water body restoration efforts.

2. MATERIALS AND METHODS

2.1 Sample collection

The sediments and water samples were collected from the moat surrounding the ancient city of Guangfu in the northeast
of Handan City, Hebei Province, China. Guangfu Ancient City, a water city, is surrounded by thousands of acres of
marshland and vast reed beds, with water on all sides, bordered by the 46,000-acre Yongnian marshland. Renowned for its
significant architectural and historical value as well as aesthetic appreciation, Guangfu Ancient City holds a prominent
position among ancient city wall remnants in China. Due to external factors, the moat’s water has experienced severe
eutrophication, Its water quality indicators are shown in Table 1.

Tablel. Basic physicochemical indicators of water and sediment samples.

Water quality indicators

TP (mg/L) [TN (mg/L) NHs-N (mg/L) [PO+* (mg/L) DO (mg/L) ORP (mg/L) pH | T
NO. 1 |0.19108 2.35094 0.55786 0.02789 6.08 -55.833 7.8 28.9
NO. 2 |0.24874 1.94521 0.47949 0.08948 5.72667 -61.067 7.9 [28.7
NO. 3 |0.20156 2.29339 0.52459 0.08674 5.83333 -66.668 8.0 [28.7
NO. 4 |0.37324 0.12412 0.45976 0.07169 5.43 -68.733 8.0 [28.7

2.2 Experimental design

2.2.1 Preparation of chlorine-modified fly ash spheres. Initially, 10 grams of fly ash were placed in a 250-milliliter conical
flask, followed by adding 11.1411 grams of lanthanum chloride heptahydrate (LaCls 7H20) to the flask along with 200
milliliters of deionized water to obtain a 0.15 mol/L lanthanum chloride solution. The solution was then shaken for 24
hours at 180 revolutions per minute in a constant-temperature shaker at 25<C. After shaking, the flask was rinsed with
deionized water to neutralize and dried in an oven at 110°C to obtain the lanthanum-modified fly ash. Montmorillonite
was mixed with fly ash in a 7:3 ratio and added with a suitable amount of sodium silicate (water glass binder) for uniform
bonding. The resulting material was rolled into cylindrical rods with a diameter of 3 millimeters and then compressed into
spheres with a diameter less than or equal to 3 millimeters using a pelletizer. These spheres were then fired in a muffle
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furnace at 850<C for 4 hours to obtain shaped pellets. The production process of fly ash pellets is depicted in Figurel. To
investigate the optimal adsorption conditions, simulated experiments were conducted based on the phosphorus
concentration in the bottom layer of the box, referencing the study by Pan?.

Lanthanum to fly ash

Raw fly ash

Fly ash pellet modified

Semi-hand made pellets with lanthanum

Granulating optimization
t

Fly ash/montmorillonite
ratio of 7:3, a roasting
temperature of 900 °C, a
roasting time of 4 h, and a
particle size of 3 mm

montmorillonite

Figure 1. Production process diagram of fly ash spheres adapted.

2.2.2 MgO-biochar composite material. The biochar used in this study was obtained from fallen leaves of Azalea, while
the MgO-biochar composite material was prepared according to the method?®3. The resulting biochar was washed with
high-purity water, precipitated, and dried to obtain the final product. The production process of MgO-biochar composite
material is illustrated in Figure 2. The production process of activated carbon is depicted in Figure 3. After determining
the optimal adsorption conditions of the composite material for phosphate concentrations, in situ remediation experiments
were conducted in the sorted boxes under the best adsorption conditions?®.
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Figure 2. Production process diagram of biochar adapted?S.
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Figure 3. Simulation experiment diagram of the settling tank.
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2.2.3 Simulation experiment setup. The experimental design included four sorted boxes as shown in Figure 4. Initially,
sediment and water collected in a 1:4 volumetric ratio were placed in the sorted boxes: 15 liters of sediment were spread
in each box, followed by adding 60 liters of surface water from the same site. After the suspended sediment was settled,
water environmental parameters and water quality indicators were tested. A release experiment was first conducted,
followed by a remediation experiment after the phosphates in the bottom layer of water reached equilibrium. The sorted
boxes consisted of a blank box labeled NO. 1, where fly ash spheres were scattered at the sediment interface; box NO. 2
with an application of 33.00 g, a food-grade non-woven fabric tea bag with biochar was laid on the sediment surface
designated as box NO. 3 with an application of 6.90 g; and the last box was divided into two parts, with non-woven fabric
tea bags containing fly ash spheres and biochar labeled as NO. 4’ and NO. 4”, applying 36.36 g and 12 g respectively. A
needle connected with a fine tube was used to regularly monitor changes in water quality indicators at the sediment-water
interface in the boxes.

Figure 4. Experimental images of fly ash spheres.

Data Grabbing Technology (DGT) plates were placed on the first day (start of phosphate release), 50 days later (phosphate
release equilibrium reached), and 120 days later (phosphate remediation completed) to test the concentration distribution
patterns of Fe, S, and P at the sediment-water interface and in the interstitial water of the sediment.

2.2 Testing method

Water samples were analyzed for pH, temperature (T), dissolved oxygen (DO), and oxidation-reduction potential (ORP)
using the HACH HQD Field Case portable water quality analyzer (Cat. NO.58258-00). Standard water quality parameters,
including nitrate nitrogen (NO3z-N), ammonia nitrogen (NH3-N), total nitrogen (TN), and total phosphorus (TP), were
measured according to the “Standard Methods for the Examination of Water and Wastewater (Fourth Edition)”. Methods
utilized included UV spectrophotometry, Nessler’s reagent spectrophotometry, alkaline potassium persulfate digestion UV
spectrophotometry, and ammonium molybdate spectrophotometry, with samples analyzed using a UV-26001
spectrophotometer (Shimadzu).

3. RESULTS

Figure 5 illustrates changes in the Water Environment Index under different conditions (NO. 1 box represents static
conditions; NO. 2 box shows the introduction of a moderate amount of small balls; NO. 3 box indicates the addition of a
suitable amount of biochar; NO. 4’ box depicts small balls wrapped in non-woven fabric; and NO. 4” box represents
biochar wrapped in non-woven fabric).
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Figure 5. Compilation of monitoring indicator box changes, concentration variation graphs for each indicator, and removal efficiency

images post incorporation of remediation materials

Analysis of the four major parameters, pH, dissolved oxygen (DO), oxidation-reduction potential (ORP), and temperature
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(T) in the water, revealed consistent temperature variations across all experimental groups. Throughout the experiments,
the pH of the water fluctuated between 7.2 and 8.3, maintaining a slightly alkaline condition. Dissolved oxygen levels
fluctuated between 1 and 9, with the lowest values observed in Box NO. 2. The oxidation-reduction potential in the settling
tanks remained negative, fluctuating between -15 and -80.

The parameters of water quality are closely related to the form of phosphorus present in the sediment. After 50 days of
observation, all five settling tanks reached phosphorus release equilibrium. Specifically, when reaching phosphorus release
equilibrium:

Phosphate concentrations in different settling tanks were as follows: NO. 1: 0.1045 mg/L, NO. 2: 0.1037 mg/L, NO. 3:
0.1493 mg/L, NO. 4’: 0.02557 mg/L, NO. 4”: 0.01252 mg/L.

Total phosphorus concentrations were: NO. 1: 0.067 mg/L, NO. 2: 0.067 mg/L, NO. 3: 0.085 mg/L, NO. 4’: 0.07 mg/L,
NO. 4”: 0.013 mg/L.

Ammonia nitrogen concentrations were: NO. 1: 0.0768 mg/L, NO. 2: 0.051 mg/L, NO. 3: 0.028 mg/L, NO. 4’: 0.002
mg/L, NO. 4”: 0.011 mg/L.

Lastly, total nitrogen concentrations were: NO. 1: 0.11 mg/L, NO. 2: 0.031 mg/L, NO. 3: 0.015 mg/L, NO. 4’: 0.059 mg/L,
NO. 4”: 0.035 mg/L.

Observations after 110 days indicated that the removal rates of phosphate in boxes with spheres wrapped in non-woven
fabric and biochar wrapped in non-woven fabric were 97.39% and 97.34%, respectively, demonstrating optimal removal
efficiency. Furthermore, after 120 days of experimentation, the box with an appropriate amount of spherical fly ash reached
a peak removal rate of 95% for phosphate after 99 days; the box with an appropriate amount of biochar reached a maximum
removal rate of 88.65% for phosphate; the control group achieved a maximum phosphate removal rate of 82.18% in the
same time frame. The removal efficiency for NH3-N ranked from highest to lowest as follows: NO. 4> > NO. 4” > NO. 3
> NO. 2> NO. 1.

In the boxes with spheres wrapped in non-woven fabric and biochar wrapped in non-woven fabric, the removal rates for
total phosphorus reached their peaks at 110 days, achieving 84.52% and 84.14% respectively. Boxes with an appropriate
amount of spheres and an appropriate amount of biochar reached peak removal rates for total phosphorus at 120 days,
reaching 51.91% and 66.67% respectively; the control group only achieved a removal rate of 37.41% for total phosphorus
in the same time frame. The removal efficiency for total phosphorus ranked from highest to lowest as follows: NO. 4° >
NO. 4”>NO0. 3>NO.2>NO. 1.

Analysis of Figure 5 indicates a close correlation between the trends of phosphate and total phosphorus. The total
phosphorus removal rate with the addition of spheres was 51.91%, 1.38 times higher than the control group, but exhibited
poorer adsorption efficiency for phosphate. In contrast, the non-woven fabric-wrapped spheres had a 97.39% removal rate
for phosphate, 1.19 times that of the control group. Furthermore, their total phosphorus removal rate was 84.52%, 2.25
times that of the control group, demonstrating outstanding performance in removing total phosphorus from water. Biochar
exhibited a total phosphorus removal rate of 66.67%, 1.78 times that of the control group, and a phosphate removal rate of
88.65%, 1.07 times that of the control group. Non-woven fabric-wrapped biochar had an 84.14% removal rate for
phosphate, 2.24 times that of the control group, and a 97.34% removal rate for phosphate, 1.18 times that of the control
group.

These results illustrate that the addition of spheres and biochar has a positive impact on improving phosphate removal
efficiency, particularly exhibiting significant advantages in total phosphorus removal. The boxes with spheres wrapped in
non-woven fabric and biochar wrapped in non-woven fabric showed the highest removal rates for ammonia nitrogen at
110 days, reaching 93.58% and 94% respectively. Similarly, the removal rates for boxes with an appropriate amount of
spheres and an appropriate amount of biochar reached their peaks for ammonia nitrogen at 110 days, achieving 67.32%
and 91.6% respectively; whereas the control group reached a maximum removal rate of 12.93% for ammonia nitrogen
after 120 days. The removal efficiency for NH3-N ranked from highest to lowest as follows: NO. 4” > NO. 4’ > NO. 3 >
NO. 2 > NO. 1.

Additionally, the removal rates for total nitrogen with spheres wrapped in non-woven fabric and biochar wrapped in non-
woven fabric reached their peaks at 110 days, achieving 60.75% and 55.65% respectively. Boxes with an appropriate
amount of spheres and an appropriate amount of biochar reached their peak removal rates for total nitrogen at 120 days,
reaching 17.01% and 40.14% respectively; the control group only achieved a removal rate of 7.56% for total nitrogen after
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110 days. The removal efficiency for total nitrogen ranked from highest to lowest as follows: NO. 4” > NO. 4’ > NO. 3 >
NO. 2> NO. 1.

Figure 6 displays the one-dimensional vertical distribution patterns of biological NH**, NO%, Fe, and P in sediment samples
from September 2023 to January 2024. A depth of 0 mm indicates the sediment-water interface (SWI). (Groups Ato D
represent measurements taken on September 5th; groups E to H correspond to October 25th measurements; and groups |
to H denote indicators measured on January 8th).
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Figure 6. One-Dimensional Longitudinal Distribution Patterns of Biogenic NO4+, NO3-, Fe, and P in Sediment Samples from
September 2023 to January 2024.(At a depth of 0 mm, denoting the sediment-water interface (SWI1), the longitudinal distribution patterns
of biogenic NO4+, NO3-, Fe, and P in sediment samples collected from September 2023 to January 2024 were analyzed. Measurements
obtained on September 5 are represented by groups A to D, those on October 25 by groups E to H, and those on January 8 by groups |
to H)

4. DISCUSSION

4.1 Impact of water environment parameters on phosphorus release and remediation in sediments

The analysis of temperature, pH, oxidation-reduction potential, and dissolved oxygen provides insights into the
predominant factors influencing P in the aquatic environment, leading to the exploration of optimal water conditions for
phosphorus removal. It was observed that the blank group exhibited a removal effect of phosphorus, preliminarily
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attributed to variations in water environment parameters such as temperature and pH. Throughout the experiment,
significant overlap in temperatures was noted in each of the five treatment tanks, showcasing temperature’s notable
influence on the adsorption and release of phosphorus in sediments. Increasing temperature shortened the overall reaction
process raised the rate of phosphorus release from sediments, and increased phosphorus adsorption by the sediment.
Existing literature suggests that under high temperature conditions, total phosphorus (TP) content in the overlying water
is higher, resulting in increased phosphorus release from sediments®’. In contrast, under low temperature conditions,
phosphorus release from sediments is suppressed, leading to lowered TP content in the overlying water®8. Analysis revealed
that as pH decreased from 8.0 to 7.5, concentrations of TP and PO43- decreased in all treatment tanks, showing a consistent
trend with pH variations. Moreover, studies indicate that in weakly alkaline water with lower pH, phosphorus release from
sediments is inhibited, promoting phosphorus attachment to sediments'®. Additionally, with changes in the pH of the
overlying water, the negative charge on colloidal particles in surface sediments increases, resulting in a gradual decrease
in phosphorus adsorption?,

Furthermore, under anaerobic conditions, an increase in oxidation-reduction potential leads to a decrease in TP content in
the treatment tanks. Hence, higher oxidation-reduction potential correlates with lower TP concentrations, while lower
oxidation-reduction potential corresponds to higher TP concentrations. Research indicates that a low ORP value signifies
a high content of reducing substances or organic pollutants in wastewater treatment systems, and low dissolved oxygen
concentrations, indicating a reducing environment. Conversely, a high ORP value indicates high dissolved oxygen or
oxidizing substance concentrations, suggesting an oxidizing environment. In conditions with high ORP values, elevated
dissolved oxygen concentrations facilitate phosphorus release, resulting in increased TP and PO*" concentrations.
Conversely, under low ORP values, low dissolved oxygen concentrations inhibit phosphorus release, leading to decreased
TP and PO** concentrations?!22,

4.2 Impact of different materials on the adsorption of phosphorus in sediments

4.2.1 Influence of remediation materials on water quality indicators. Upon analysis as depicted in Figure 5, both fly ash
beads and biochar showed promising effects compared to the blank control group. These materials demonstrated effective
phosphorus control in the water. In the experiments with five arranged boxes, it was observed that the boxes containing
fly ash beads and biochar wrapped in non-woven fabric exhibited higher removal rates for phosphate compared to the
blank control group, albeit with minimal removal of total phosphorus. This might be attributed to the transformation of
phosphate in the water to other phosphorus forms. In the composition of orthophosphate, there are three hydroxyl groups
and one oxygen bond. Upon dissociation of one hydrogen ion, a negative monovalent H,PO* is formed, while dissociation
of two hydrogen ions results in a divalent H,PO4> 2324, Hence, with a moderate total phosphorus removal rate, phosphate
ions transform into more readily released phosphorus forms. Fly ash beads exhibited a slightly better removal efficiency
for phosphate ions compared to biochar, albeit with a lower total phosphorus removal rate. However, non-woven fabric-
wrapped fly ash beads and biochar showed higher removal efficiencies for both total phosphorus and phosphate ions. Non-
woven fabric exerts a catalytic effect during the reaction process of complex pollutants and possesses considerable
adsorption potential®®. Therefore, the impact of non-woven fabric on phosphorus cannot be overlooked.

Ammonia nitrogen in water is labile and significantly influenced by changes in dissolved oxygen in the water column. Under
conditions of sufficient dissolved oxygen, ammonia nitrogen readily oxidizes to nitrate or nitrite?, By analyzing the trends in
ammonia nitrogen and total phosphorus, a remarkable similarity was observed between their variations, with fly ash beads
demonstrating significant removal efficiency for ammonia nitrogen. Total nitrogen comprises inorganic nitrogen such as
nitrate nitrogen, nitrite nitrogen, and ammonia nitrogen, as well as organic nitrogen components like amino acids, proteins,
and organic amines?’. As a crucial indicator of water quality, the content of total nitrogen is closely linked to water
pollution®2°, Analysis of the total nitrogen concentrations in the five arranged boxes revealed almost negligible removal rates
of total nitrogen in natural water bodies. Specifically, fly ash beads exhibited a maximum removal rate of 17.01% for total
nitrogen, while biochar showed a maximum removal rate of 40.14%. Moreover, non-woven fabric-wrapped fly ash beads
achieved a removal rate of 60.75% for total nitrogen, while non-woven fabric-wrapped biochar attained a removal rate of
55.65%. Evidently, non-woven fabric exhibits significant adsorption capabilities for total nitrogen®. Biochar, with its large
surface area, strong ion exchange properties, and rich functional groups, is considered an environmentally friendly
multifunctional carbon material suitable for the adsorption of organic and inorganic substances in water, or for environmental
restoration through catalytic oxidation processes®-®2. A comparison between the adsorption effects of fly ash beads and
activated carbon revealed that individual fly ash beads had a lower removal efficiency for total phosphorus than biochar, but
non-woven fabric-wrapped fly ash beads exhibited a slightly higher removal efficiency for total phosphorus than non-woven
fabric-wrapped biochar. From a cost perspective, fly ash is more cost-effective compared to biochar.
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4.2.2 Analysis of the correlation between iron, phosphorus, and sulfur. Iron is a trace element and limiting factor essential
for aquatic plants and phytoplankton in photosynthesis and nitrogen fixation processes®*3. Phosphorus is a key factor in
the eutrophication of lakes. Iron serves as an electron donor and energy source in denitrification processes, directly or
indirectly impacting phosphorus transformations through its influence on nitrogen conversion®. According to Figure 6,
the concentration trends of iron and phosphorus exhibit significant similarities at the sediment-water interface, showing a
pronounced positive correlation. Research by Yang®® indicates that iron in sediment significantly influences phosphorus
forms. Sulfur, as a redox-sensitive element at water-environment interfaces, contributes uniquely to the causes of black
water and odorous conditions®”.

Analyzing the sulfur two-dimensional graph in Figure 6, in the control group, sulfur gradually migrates from sediment to
overlaying water; after the addition of fly ash pellets in NO. 2 box, only a small amount of sulfur covers the water surface,
significantly reducing overall sulfur content. With the introduction of biochar in NO. 3 box, the migration of phosphorus
from sediment to water is inhibited, with continued adsorption in the sediment. In NO. 4° box, covering the fly ash pellets
with non-woven fabric results in a thorough removal of sulfur from the sediment, though a small fraction migrates to the
overlaying water. In the NO. 4” box, covering the biochar with non-woven fabric leads to a more comprehensive removal
of phosphorus with some residual presence. Comparing the two-dimensional graphs, it is evident that non-woven fabric-
wrapped fly ash pellets show significant effectiveness in inhibiting sulfur diffusion to the overlaying water and in sulfur
adsorption. The non-woven fabric itself also exhibits a certain adsorption capacity for sulfur.

5. CONCLUSION

This study conducted a comprehensive analysis and in-depth exploration of the phosphorus adsorption effects and
recycling of lanthanum-modified fly ash pellets processed through independent design in settling tank experiments. The
following conclusions were drawn:

In the settling tank, internal phosphorus in sediment reached a phosphorus release equilibrium after 50 days, with total
nitrogen content also reaching relatively low levels.

Within 15 days of adding the remediation materials, their effects became apparent as both total phosphorus and total
nitrogen in the water showed a decreasing trend. Non-woven fabric encasing fly ash pellets and biochar exhibited similar
phosphorus adsorption effects in the water, but with a more pronounced performance, achieving 84.52% and 84.14%
removal rates, respectively.

Fly ash pellets outperformed biochar in phosphorus adsorption and offered a more cost-effective solution; however, they
slightly lagged biochar in ammonia-nitrogen and total nitrogen adsorption. Thus, under specific conditions, fly ash
microspheres present certain advantages.

As environmentally friendly multifunctional materials, independently designed and processed fly ash pellets and biochar
displayed effective adsorption capabilities for total phosphorus and total nitrogen in eutrophic water bodies, along with
phosphorus recycling potential. These features can further be applied in water and soil management in saline-alkali lands,
achieving the goal of integrated water and soil governance.
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