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Characterization and mechanism
of phosphorus adsorption from
wastewater by lanthanum
calcium doped sludge/wheat
straw biochar

Weijin Gong'*, Chenhan Tao?, Zhenbang Tian?, Zuohua Huang?,
Hongtao Lin', Chaozhi Qi*, Zhengyang Yu! and Lina Guo?

!School of Energy and Environment, Zhongyuan University of Technology, Zhengzhou, China, ?Institute
of Chemistry Co., Ltd. Henan Academy of Sciences, Zhengzhou, China

The disposal of sludge and the treatment of phosphorus in water bodies are
significant environmental challenges. This study explores the adsorption
performance and mechanism of lanthanum-calcium modified sludge/wheat
straw biochar (LC-SWBC). LC-SWBC was prepared through a one-step
hydrothermal carbonization process and was used to remove phosphorus
from water. The results indicate that La(OH)s and Ca(OH), were successfully
loaded onto the surface of the biochar. The adsorption of phosphates by LC-
SWBC follows a pseudo-second-order kinetic model and the Langmuir model,
with a maximum theoretical adsorption capacity of 80.78 mg P/g. LC-SWBC
exhibits selective adsorption of phosphate under competitive anion experiments.
In actual wastewater treatment, LC-SWBC can effectively remove phosphates,
achieving a total phosphorus concentration of 0.77 mg/L at a dosage of 0.4 g/L,
meet the discharge standard of class | B pollutants (1 mg/L) in GB 18918-2002 of
China. In addition, the hydrothermal liquid of LC-SWBC is primarily composed of
organic phosphorus (OP); after adsorption, the main component in the biochar
LC-SWBC-P is apatite phosphate (AP), both of which provide biochemical
utilization conditions for phosphorus resource recovery and recycling.

KEYWORDS

hydrothermal carbonization, sewage sludge, phosphorus adsorption, biochar,
wheat straw

1 Introduction

With the continuous advancement of urbanization and the sustained growth of urban
population, the volume of urban wastewater treatment remains steadily increasing, leading
to a year-on-year rise in municipal sludge production. Municipal sludge contains a
significant amount of hazardous substances, including organic pollutants, heavy metals,
and pathogenic microorganisms (Overcash et al., 2005). Improper disposal can easily lead to
secondary pollution (Dong et al, 2013), posing a serious threat to the ecological
environment and human health. At present, the main disposal methods for municipal
sludge in China include incineration (Srivastava and Chakma, 2022), sanitary landfill (Li
et al,, 2023), building materials (Prabhakar et al., 2022), and anaerobic digestion. But these
methods have problems such as high cost, narrow application scope, and secondary
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pollution (Liu et al., 2023). Research has found that municipal sludge
contains a large amount of carbon compounds, making it an
excellent raw material for preparing biochar. Sludge biochar
production not only enables proper disposal of sludge, but also
achieves resource reuse (Krahn et al., 2023). The biochar prepared
from sludge has the characteristics of rich pores and large specific
surface area, and has good adsorption and catalytic performance. It
has been widely used in water pollution control (Leng et al., 2015),
air pollution control (Xu et al., 2014), electrochemistry (Yuan and
Dai, 2016), and soil remediation (Khan et al., 2013).

Phosphorus is one of the most significant pollutants in domestic
wastewater. It is the primary element contributing to water
eutrophication and a key control parameter for water pollution.
Common wastewater phosphorus removal methods include
chemical, biological, electrolytic, membrane, and adsorption
methods. Compared with chemical and biological methods for
phosphorus removal, adsorption method has the advantages of
high
resources, and environmental friendliness (Bacelo et al., 2020),

simple operation, efficiency, fast reaction, recyclable
and has broad application prospects in the field of wastewater
phosphorus removal. Biochar has a stable structure, a large
specific surface area and porosity, and a large number of surface
functional groups, making it an excellent adsorbent (Vikrant et al.,
2018). The use of biochar for adsorbing phosphorus in wastewater
has become a current research hotspot.

Using sludge to produce biochar and selecting phosphorus as the
target pollutant to be removed can not only solve the problem of
sludge treatment, but also achieve the recycling and utilization of
phosphorus resources in sewage, achieving the goal of “treating
pollution with waste.” Research has shown that sludge has a certain
adsorption capacity for phosphorus, but its adsorption efficiency is
not high. To enhance biochar performance, researchers often
employ two primary methods: improvement of the sludge
Adding
agricultural or wood waste to the preparation of sludge biochar

biochar’s pore structure and metal modification.
can increase its carbon content and porous structure, further
improving the performance of biochar (Peng et al, 2022). Yin
et al. (2019) prepared biochar by co pyrolysis of sludge and
walnut shell biomass. The microstructure of biochar was
optimized, enriching the metal oxides and functional groups of
biochar. It still had good adsorption effect on phosphate in a wide
pH range, with a maximum adsorption capacity of 303.49 mg/g. In
addition to improving the pore structure of sludge biochar,
modification can also enhance the performance of biochar,
mainly using metal compounds as modifiers. Lanthanum is a
rare earth metal with exhibits strong affinity for phosphorus,
demonstrating high adsorption capacity and efficiency. Elkhlifi
et al. (2022) prepared La(OH); loaded biochar by using sewage
sludge as a precursor, followed by pyrolysis and alkaline
precipitation. Their research revealed a maximum phosphorus
adsorption amount was 312.55 mg/g. However, single-metal
modification often leads to metal accumulation and uneven
distribution, diminishing the utilization efficiency of lanthanum.
Fang et al. (2015) soaked biochar in MgCl, and CaCl, solutions, the
dual-metal  doping

strategy  effectively = mitigated  metal

agglomeration. The phosphate adsorption capacity of the
prepared biochar was greatly improved. In addition, numerous

studies have shown that the addition of biomass such as wheat
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straw or Ca based additives during the preparation of sludge biochar
can promote the conversion of OP to IP and NAIP to AP, thereby
enhancing the bioavailability of sludge biochar (Zhao et al., 2018;
Yang et al.,, 2019).

The effective recovery of phosphorus from biochar after
adsorption is a key step in achieving phosphorus resource
recycling. Currently, common phosphorus recovery strategies
include chemical desorption and thermochemical treatment
methods. The chemical desorption method uses acid, alkali, or salt
solutions as desorbents to detach the adsorbed phosphates from the
surface of the biochar. This method has advantages such as ease of
operation and environmental friendliness, and theoretically, biochar
can be reused multiple times. However, after multiple adsorption-
desorption cycles, the phosphorus recovery rate of biochar typically
decreases significantly, limiting its long-term application. The
thermochemical treatment method wusually first converts the
phosphorus in biochar into soluble phosphates or volatile matter
through high-temperature calcination. Subsequently, phosphorus is
extracted using methods such as struvite crystallization or acid
leaching. Although this method has a higher phosphorus recovery
rate, the structure of the biochar is often damaged, and it also has a
high energy consumption.

The potential release of metals in modified biochar is an
important aspect of environmental risk assessment. On one hand,
the sludge contains metal elements, particularly heavy metal
elements, which can cause pollution in water bodies and soil if
not disposed of properly (Alam et al., 2024; Zheng et al.,, 2024a); on
the other hand, common modified metals such as lanthanum and
calcium, if released into the environment, may lead to increased
water hardness, soil alkalization, and disrupt the community
structure and activity of environmental microorganisms (Zheng
et al, 2024b). However, existing studies have shown that
lanthanum loaded on the surface of adsorbent materials has low
solubility and leaching risk. For example, numerous studies have
applied lanthanum for phosphate control in river sediment, and no
significant negative ecological effects have been observed (Dithmer
etal,, 2016). In studies on the stability of adsorbent materials, (Chen
etal., 2012) found that lanthanum was not detected in the acidic and
neutral desorption solutions of La(III)-loaded granular ceramic, and
even after four cycles of adsorption-desorption, the leaching amount
of lanthanum from La(IIT)-loaded granular ceramic remained below
the detection limit.

Based on the above analysis, this study intends to doping sludge
biochar (SBC) with lanthanum to achieve high-capacity phosphorus
adsorption; doping with calcium to improve lanthanum distribution
and enhance phosphorus bioavailability; incorporating wheat straw
biomass to enhance the specific surface area and pore structure of
the biochar. Prepare a high-performance and environmentally
friendly adsorption functional material. After preparation and
synthesis, using X-ray diffraction (XRD), scanning electron
microscope (SEM) (Zhong et al, 2024a), Fourier transform
spectroscopy  (FTIR)
(BET) to analyze the physicochemical properties of modified

infrared and Brunauer-Emmett-Teller
SBC. The study will investigate the effects of pH, concentration,
temperature, reaction time, competitive anions, and SBC dosage on
phosphorus removal efficiency. The adsorption mechanism,
kinetics, isotherms, and thermodynamics of phosphorus removal
will also be investigated.
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TABLE 1 Basic sludge properties.

Indicators Numerical value

Moisture content (%) 75.8
Organic matter content (%) 60.92
pH 6.55

2 Materials and methods
2.1 Materials and reagents

Materials: The experimental sludge was taken from the
dewatered sludge after mechanical dehydration in a municipal
sewage treatment plant in Zhengzhou. The various indicators of
the sludge were tested, and the results are shown in Table 1. The
sludge (SS) was freeze-dried, after freeze-dried sludge reaching room
temperature, the sludge was pulverized. The sample was sieved
through a 60-mesh sieve and collected for further use. Wheat
straw was obtained from a agricultural waste processing plant in
Jiangsu Province. The straw was dried and pulverized. It was then
placed in an oven at 105°C until a constant weight was achieved.
After cooling to room temperature in a desiccator, the straw was
pulverized and sieved through a 60-mesh sieve for subsequent
experiments use.

Reagents: Lanthanum chloride heptahydrate (LaCl;-7H,0),
Calcium chloride anhydrous (CaCl,), Potassium dihydrogen
phosphate (KH,PO,), Sulfuric acid (H,SO,), Ascorbic acid
(C6HgOg), Ammonium molybdate ((NH,),MoO,), Potassium
antimonyl tartrate (CgH,K,OSb,), Sodium hydroxide (NaOH,
solid pellets), Hydrochloric acid (HCI, 36.5% solution). All
reagents were analytical grade and were purchased from Mclin
Biochemical Technology Co., Ltd., Shanghai, China, stored in a
dry and dark environment. The experimental water is deionized
water, which is prepared by the laboratory system.

2.2 Preparation of adsorbent

The modified hydrothermal carbon was prepared by one-step
hydrothermal method and using alkali-tuned precipitation. A
certain proportion of LaCl;7H,O and anhydrous CaCl,
(M(LaCl3):M(CaCl,) = 1:2 1:1.5 1:1 1.5:1 2:1) were weighed, and
a total of 10 mmol was taken and dissolved in 50 mL of deionized
water. Freeze-dried sludge and wheat straw were each weighed 0.5 g,
mixed with the solution and stirred well, and then 10% NaOH
solution was added drop by drop to keep the pH at about 11.0, and
stirred magnetically for 15 min. Subsequently, it was put into a
hydrothermal reactor and placed in a 170°C blast drying oven for
8.5 h of hydrothermal carbonization (HTC). After hydrothermal
completion, the hydrothermal reactor was cooled to room
temperature, the product in the kettle was pump-filtered and
washed with deionized water to near neutrality, and dried at
60°C in the oven until the weight was constant. After grinding
and crushing in a mortar and passing through a 60-mesh sieve,
lanthanum calcium modified sludge/wheat straw hydrothermal
carbon (LC-SWBC) was obtained. On this basis, separately

Frontiers in Environmental Science

10.3389/fenvs.2025.1604542

prepared sludge hydrothermal carbon (SBC), hydrothermal
carbon that sludge: wheat straw = 1: 1 (SWBC) and metal-
modified sludge carbon (LC-SBC).

2.3 Characterization of sludge biochar

The surface functional groups of the sludge biochar were
analyzed using a TENSOR II FTIR spectrometer from Burker,
Germany, with a wave number range of 4000-500 c¢cm™'. The
samples were analyzed by XRD using a D8 Advance x-ray
diffractometer from Buker, Germany, with a CuKa radiation
range of 10°-90°. The microstructure and morphology of the
samples were measured using a scanning electron microscope
(SEM) from Hitachi su8010 (Japan). The elemental distribution

an EMAX
analysis  was

on the sample surface was analyzed using
(HORIBA, Japan). BET

performed using a Belsorp-max II specific surface and pore

mics2  spectrometer

analyzer from MicrotracBEL, Japan.

2.4 Adsorption experiments

The effects of different initial solution pH, competitive anions,
dosage and reaction time on phosphorus adsorption were investigated
by batch adsorption experiments. The adsorption mechanism of
phosphorus by LC-SWBC adsorbent was investigated using
adsorption kinetics, isotherm and thermodynamic modeling. The
adsorption mechanism of LC-SWBC for phosphate removal was
investigated using kinetic, isotherm, and thermodynamic models.
Adsorption kinetics, isotherms and thermodynamic models were
used to investigated the phosphorus adsorption mechanism of
SBC adsorbent.

Weigh 0.4394 g of KH,PO, dried at 100°C for 2 h, dissolve it
with water, transfer it to a 1L volumetric flask, mix it well, and dilute
it with deionized water to the mark. This solution is a 100 mg P/L
stock solution. During the adsorption experiment, dilute the stock
solution to the phosphorus concentration required for the
experiment. For each experiment, a specific amount of LC-SWBC
adsorbent was added to a beaker containing the phosphorus
solution. The mixture was then subjected to adsorption at a
constant temperature and shaking speed of 120 rpm. In addition
to the real wastewater and competitive ion experiments, the initial
pH of the phosphorus solution was adjusted to pH = 3 using 1 mol/L
NaOH and HCI solutions. After the adsorption process was
completed, the liquid was filtered through a 0.45 pm aqueous
membrane and the concentration of phosphates in the solution
was determined wusing the molybdenum-antimony anti-
spectrophotometric method (GB 11893-89) with a DR6000 UV-
visible spectrophotometer from Hach Company, United States. All
phosphate concentrations are reported as P element. To ensure the
accuracy of the analysis, a standard curve was plotted, and the
instrument’s calibration was checked regularly. Each set of
adsorption experiments was conducted in triplicate, and after
checking the data results for any outliers, the average value was
taken and the standard deviation was calculated. To assess the effect
of initial solution pH on phosphorus adsorption, the pH was
adjusted to 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, and 12 prior to
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FIGURE 1
Smt graded extraction method flow.

adsorption and the change in pH before and after adsorption was
measured. To investigate the effect of adsorbent dosage on the
adsorption of phosphate in water by LC-SWBC, a series of
experiments were conducted using different adsorbent dosages
(0.5 g/L, 0.7 g/L, 1 g/L, 1.5 g/L, and 2 g/L) with adsorption time
of 12 h, and an initial phosphorus concentration of 100 mg P/L. In
order to evaluate the potential of the prepared materials for
application in real water bodies, it is therefore important to study
the variation of coexisting anion concentrations on the effect of
adsorbents on phosphorus removal. The common inorganic-like
acid radical ions in water bodies include NO5~, CI-, SO,*, and
HCOj5", and the main organic anions are humate and citrate. In this
experiment, a gradient experiment was conducted for the above
anions that may have a competitive adsorption relationship with
phosphate to study the effect of different anions on the adsorption of
phosphorus by biochar, so the solution was adjusted to pH = 7 and
the gradient of the competitive ions’ concentration was set to 0 mM,
2 mM, 5 mM, and 10 mM. In the adsorption kinetics experiments,
the adsorption times of phosphorus were 0.25, 0.5,0.75, 1, 1.5, 2, 3, 4,
6, 8, 12, and 24 h. In the adsorption isotherm experiments, the
concentrations of phosphorus solutions were 20, 50, 100, 200, 400,
and 600 mg/L, and the temperatures of the thermodynamic
adsorption experiments were 15°C, 25°C, and 35°C, respectively.
In the adsorption experiments of real wastewater, adsorption
experiments were conducted using five different dosages (0.2 g/L,
0.3 g/L, 04 g/L, 0.5 g/L, and 0.6 g/L). Used for adsorption with
constant temperature oscillation at 120 rpm, and the samples were
collected and tested at 12 h to investigate the adsorption
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Phosphorus Forms

performance of the adsorbent on the real wastewater with low
concentration.

2.5 SMT graded phosphorus extraction

The SMT graded extraction method was utilized to separate
different forms of phosphorus from sludge and hydrothermal
carbon. The detailed analytical extraction process is shown in
Figure 1. The SMT method classifies the extracted phosphorus
into five forms, which are non-apatite inorganic phosphorus
(NAIP, usually phosphorus bound to Fe, Mn, and Al oxides and
their hydroxides), apatite inorganic phosphorus (AP, usually various
types of phosphorus bound to Ca and Mg), inorganic phosphorus
(IP), organic phosphorus (OP), and total phosphorus (TP) (Ruban
etal,, 2001). In this method, TP was extracted from the first sample,
IP and OP from the 2nd sample and NAIP and AP from the
3rd sample.

3 Results and discussion

3.1 Effect of metal molar ratio on
performance

Figure 2 shows the effect of varying the La/Ca molar ratio on the

phosphate unit adsorption capacity of hydrothermal carbon while
keeping other experimental conditions fixed. The results indicate
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FIGURE 2
Effect of metal molar ratio on performance.

that the unit adsorption capacity is positively correlated with the La/
Ca molar ratio. Specifically, as the La/Ca molar ratio increases, the
unit adsorption capacity of hydrothermal carbon significantly
increases. This phenomenon is primarily attributed to La being a
metal with a high affinity for phosphorus, which has a much greater
adsorption capacity for phosphorus compared to Ca. As the ratio of
La to Ca in the adsorbent increases, the number of effective
adsorption sites for phosphate ions also increases, making it
more favorable for the removal of phosphates from aqueous
solution. It is noteworthy that when the La/Ca molar ratio
exceeds 1:1.5, the rate of increase in unit adsorption capacity
significantly slows down. This is because when the proportion of
La is too high, lanthanum metal tends to agglomerate and
accumulate on the surface of the adsorbent, leading to an uneven
distribution of lanthanum on the material’s surface, which prevents
some adsorption sites from being fully exposed (Yu et al., 2019),
thereby reducing the utilization efficiency of lanthanum metal.
Additionally, an excess of lanthanum may also lead to structural
changes in the material, affecting its adsorption performance.

Based on the above experimental results, considering the dual
objectives of increasing unit adsorption capacity and controlling
costs, a La/Ca molar ratio of 1:1.5 is deemed ideal. This ratio ensures
that the adsorbent has high phosphorus adsorption performance
while avoiding the issues of increased costs and insufficient exposure
of adsorption sites due to excessive lanthanum. Under these
conditions, LC-SWBC with the best adsorption performance was
prepared. The cost is estimated according to the market price and
dosage of raw materials. The market price of LaCl;-7H,0 is
22 CNY/kg, and the market price of CaCl, is 1 CNY/kg.
Combined with the yield of biochar preparation, the unit cost
price is about 8 CNY/kg.

In recent years, the research of metal modified materials as
phosphate adsorbents has made significant progress. So far, a variety
of metals including Al, Mg, Ca, Zr and La have been successfully
modified in a variety of carriers to form new adsorbents with
customizable properties. Compared with other polymetallic
modified adsorbents, LC-SWBC has the advantages of stronger

Frontiers in Environmental Science

10.3389/fenvs.2025.1604542

adsorption capacity and wider pH range. Table 2 shows the
comparison of the maximum adsorption capacity of phosphate
by different polymetallic modified adsorbents.

3.2 The properties of biochar

3.2.1 SEM-EDS

Figure 3 shows the SEM images of LC-SWBC. From Figure 3a, it
can be observed that the surface of LC-SWBC exhibits a porous
structure, with some pores being surrounded by a large number of
nanoparticles. This rough surface morphology effectively increases
the specific surface area of the material (Zhong et al., 2024b),
providing abundant active sites for subsequent adsorption
reactions. Figure 4a presents the EDS analysis results of LC-
SWBC. The energy spectrum indicates that the mass percentages
of La, Ca, and P in LC-SWBC are 16.48%, 0.41%, and 1.65%,
respectively, confirming that lanthanum and calcium have been
successfully loaded onto the surface of LC-SWBC, while the
presence of a small amount of phosphorus is due to the high
phosphorus content in the sludge.

Comparing Figures 3b,d, it is evident that the surface of LC-
SWBC-P has formed a large number of clustered nanorod
consistent with

structures, the morphology of phosphate

precipitates. The formation of these nanorod structures is
primarily due to the chemical reaction between the La(OH); and
Ca(OH), loaded on the biochar surface and phosphate ions,
resulting in the generation of insoluble phosphate precipitates. To
further verify the distribution of elements, Figures 3e-j display the
EDS area-scan results of LC-SWBC-P. The results confirm that
elements such as C, O, La, Ca, and P are uniformly distributed on the
surface of LC-SWBC-P. The quantitative analysis results of the
energy spectrum in Figure 4b indicate that compared to LC-SWBC,
the mass percentage of P in LC-SWBC-P has significantly increased,
reaching 6.03%. This suggests that during the adsorption process,
phosphorus was effectively adsorbed onto the surface of the LC-
SWBC material, confirming the phosphorus adsorption capability of
this material.

3.2.2 XRD

To further investigate the crystal structure of LC-SWBC, XRD
analysis was conducted on the material, with a testing range of
5°-90°". Figure 5 shows the XRD test results. As shown in Figure 5a,
LC-SWBC exhibits distinct diffraction peaks at diffraction angles of
15.66°, 27.31°, 27.97°, 39.47°, and 48.64°, which correspond to the
standard diffraction peaks of La(OH); crystals (Hu et al., 2007),
indicating that lanthanum hydroxide crystals have been successfully
loaded onto the surface of the biochar. Additionally, LC-SWBC also
displays significant diffraction peaks at diffraction angles of 31.86",
32.57°, 39.06°, 45.47°, and 46.97°, which correspond to the standard
diffraction peaks of Ca(OH), crystals, confirming that calcium
hydroxide crystals have also been successfully loaded onto the
surface of the biochar.

In order to study the changes in crystal structure of LC-SWBC
after phosphorus adsorption and to explore the adsorption
mechanism, XRD analysis was conducted on the samples after
phosphorus adsorption (LC-SWBC-P). The XRD spectrum in
Figure 5b shows that LC-SWBC-P exhibits distinct diffraction
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TABLE 2 Adsorption properties of polymetallic materials and their modified adsorption materials.

Material Adsorption properties (mg/qg) References
Ce-Zr-Al adsorbent 73.51 Wang et al. (2023)

40% Mg-Al LDH/biochar composite 13.11 Wan et al. (2017)
TS-LDHs composite 41.16 He et al. (2019)
‘Ws-N-La 67.10 Qiu et al. (2017)
Fe-Ca-La composite 30.16 Chen et al. (2023)

peaks at 27.76°, 31.02°, and 34.37°, which correspond to the standard
diffraction peaks of Ca;(PO4), crystals. Additionally, new
diffraction peaks were detected at 19.89°, 29.03°, and 31.15',
which correspond to the
LaPO4-0.5H,0 crystals.

standard diffraction peaks of

323 FTIR

The FTIR analysis results of biochar are shown in Figure 6. SBC
and SWBC are basically the same, with the characteristic peak at
3437 cm™" attributed to the stretching vibration of the O-H bond in
the adsorbed water on the material’s surface (Yu et al., 2015); the
characteristic peaks at 2,855 cm™" and 2,926 cm™' correspond to the
asymmetric and symmetric stretching vibrations of the C-H bond,
respectively. The characteristic peak at 1,635 cm ™ is attributed to the
adsorbed water molecules, specifically caused by the bending
vibration of the H-O-H of interlayer water molecules. This
indicates the presence of adsorbed water on the material’s
surface, and it may also exist within the material (Regkouzas
et al., 2023); the strong peak at 1,057 cm™' originates from the
asymmetric stretching vibration of P-O, which is due to the presence
of phosphates in the sludge that are fixed in the solid phase during
the hydrothermal carbonization process. A new sharp peak
appeared at 3608 cm for LC-SWBC, which is attributed to the
stretching vibration of hydroxyl groups in the modified La(OH);
and Ca(OH),. According to the literature (Jia et al., 2020), the peak
at 650 cm™' corresponds to La-O, indicating that La(OH); and
Ca(OH), are effectively loaded on the surface. The characteristic
peaks at 6155 cm™' and 541 cm™" correspond to the bending
vibrations of the O-P-O group, indicating that phosphates are
chemically bonded to the material’s surface, possibly due to the
combination of phosphorus in the small amount of sludge with
La(OH); and Ca(OH),. The infrared spectrum of the LC-SWBC-P
underwent significant changes. First, the absorption peak
corresponding to O-H in La(OH); and Ca(OH), at 3608 cm™
disappears, indicating that hydroxyl groups are consumed during
the adsorption process. Meanwhile, the area of the absorption peak
corresponding to the asymmetric stretching vibration of P-O at
1,057 cm ™! significantly increases, indicating the formation of a new
phosphate structure. Additionally, the characteristic peaks of the
bending vibrations of the O-P-O group at 615 cm™ and 541 cm ™ are
significantly enhanced compared to LC-SWBC, further confirming
that phosphates are chemically bonded to the material surface.

3.2.4 BET
Table 3 summarizes the specific surface area and pore size
distribution characteristics of raw biochar (SBC) and modified
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biochar (LC-SWBC). The specific surface area of LC-SWBC
increased from 34.401 m*/g for SBC to 43.441 m*/g, indicating a
significant enhancement in the surface area of the material after
modification. Research by Sun et al. (Yin et al., 2019) suggests that
biomass doping may be an important reason for optimizing the
structure of LC-SWBC; additionally, metal modification can also
increase the specific surface area of biochar to some extent (Sun
et al, 2023). Furthermore, the alkaline conditions during the
hydrothermal carbonization process of LC-SWBC may have
facilitated the expansion of the biochar’s pore structure. These
three factors may have a synergistic effect, collectively enhancing
the specific surface area of LC-SWBC. The average pore sizes of SBC
and LC-SWBC are 24.296 nm and 13.898 nm, respectively, both of
which fall within the pore size range of mesoporous materials
(2-50 nm), confirming that both materials are mesoporous.
Figure 7 shows their nitrogen adsorption-desorption isotherms
(Peng et al, 2020). From Figure 7, it can be seen that the
nitrogen adsorption-desorption isotherms of SBC and LC-SWBC
both exhibit a typical type IV isotherm, further indicating that both
materials have significant mesoporous structural characteristics
(Boateng et al., 2024). Notably, compared to the original SBC,
the average pore size of LC-SWBC has significantly decreased.
This may be due to some metals entering the biochar pores
during the modification process, causing blockage or filling (Wan
et al.,, 2017).

3.3 LC-SWBC phosphorus adsorption
experiments

3.3.1 Effect of pH
The of the
determined by exploring the phosphorus removal of the

adsorption performance adsorbent was
adsorbent material over a wide range of pH conditions.
Figure 8a shows the results of the effect of pH on LC-SWBC
and the corresponding pH values after adsorption. The
adsorption performance of the adsorbent was good at pH =
2-6, and the unit adsorption was above 65 mg/L. When the
pH was between 2-7.72, the surface of LC-SWBC was protonated
with positive charge, at this time, H,PO,  and HPO,> were
predominant in the liquid phase, and the stronger electrostatic
attraction caused H,PO,~ and HPO,> to be adsorbed onto the
surface of LC-SWBC. In addition, Cl™ introduced by the HCI
solution used during low pH adjustment strengthens the
adsorption sites on the surface of LC-SWBC, which leads to
an increase in the adsorption capacity of LC-SWBC in a acidic
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FIGURE 3

SEMimages and EDS elemental images of the samples: (a,b) are SEM images of LC-SWBC; (c,d) are SEM images of LC-SWBC-P; (e—j) EDS elemental
images of C, O, La, Ca and P, respectively.

environment (Akram et al., 2021). The increase in pH after  concentration decreases after adsorption by the adsorbent, and
adsorption may be due to the fact that at low pH, the thus the concentration of ionized hydrogen ions decreases,
phosphate species in solution are mainly H,PO,”, whose resulting in a slight increase in the overall pH of the solution.
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EDS point analysis of (a) LC-SWBC, (b) LC-SWBC-P.

As the pH increases, the protonation level on the surface of
LC-SWBC decreases, and the amount of phosphorus adsorbed
decreases. When the pH gradually increased to 12, the
concentration of hydroxide ions in the solution increased, the
phosphate in the liquid phase was more in the form of HPO,”,
and the surface of LC-SWBC was deprotonated and negatively
charged, on the one hand, the decrease in pH after adsorption
indicated that OH- in the solution was in the
competition for the adsorption of phosphorus; on the other
hand, the gradual enhancement of electrostatic repulsion
between the adsorbent and anion of the phosphorus solution
prevented phosphorus from being adsorbed onto the surface of
LC-SWBC. At this time, the phosphate species are mainly HPO,>,
and its adsorption leads to a decrease in the concentration of
hydrolyzed OH-, so the pH of the solution decreases after
adsorption (Jung et al., 2015).

involved
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3.3.2 Effects of adsorbent dosage

The results are shown in Figure 8b. As the amount of biochar
added increases, the adsorption amount decreases while the removal
rate increases, but the trend of change tends to slow down. This
trend is consistent with the published researches (Zhou et al., 2024;
Ugural et al,, 2024; Barquilha and braga, 2021; Regkouzas et al.,
2023). This is because the initial increase in the amount of adsorbent
provides more adsorption active sites, leading to significant changes.
However, when the amount of adsorbent reaches a certain value,
although the active sites will gradually be occupied by the adsorbate,
the number of available active sites on the adsorbent surface is still
much greater than the amount of adsorbate in the solution, resulting
in no significant improvement in removal efficiency (Hasanzadeh
et al., 2017). Considering both the removal effect and the control of
biochar usage costs, 1 g/L is selected as the optimal addition amount
for LC-SWBC.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1604542

Gong et al.

10.3389/fenvs.2025.1604542

(a)

Intensity

. ..,I |y 114 PDF#50-0008 Ca(OH),

| II l I PDF#36-1481 La(OH),;
1

10 20 30 40 50 60 70 80 90
2 Theta

FIGURE 5
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FTIR spectra of sample.

3.3.3 Impact of competitive ions

As shown in Figure 8¢, the adsorption capacity of phosphorus by
LC-SWBC was 77.19 mg/g in the absence of other anions. The
experimental results showed that most of the inorganic and organic
acid radicals interfered more and more strongly with the
phosphorus adsorption by LC-SWBC as the concentration of the
competitive anions was increased from 0 to 10 mM, and the intensity
of the interference was not the same for different competing ions.
Overall, the interference of NO;™ and citrate with the biochar was

TABLE 3 Textural properties of Biochar.

Samples SgeT (M?/g)
SBC 34.401
LC-SWBC 43.441
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Total pore volume (cm?/g)
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subtle, and the adsorption capacity of LC-SWBC could reach more
than 70 mg/g at any concentration of these two anions. The
adsorption capacity of LC-SWBC decreased to 68.45 mg/g when
the solution contained 2 mM of CI". While the concentration of CI~
was further increased, the adsorption capacity of the material
increased. This is because the presence of a large amount of CI”
has a higher promotion effect on the adsorbent than the competition
for adsorption. The competition of SO,>, humate and HCO;3~ was
stronger and the adsorption capacity of LC-SWBC was reduced to
65 mg/L or less. LC-SWBC adsorbed 64.32 mg/L at 10 mM HCOs5-,
which had the greatest interference effect, reducing the adsorption
performance to 83.32%. In the competitive adsorption experiment,
the adsorption performance of LC-SWBC was stable and anti-
interference.

3.3.4 Adsorption and desorption cycle

As shown in Figure 9, when using deionized water, 0.1 M NaOH
solution, 0.1 M HClI solution, and 0.1 M NaCl solution as desorbing
agents, the phosphorus desorption rates of LC-SWBC were 9.01%,
103.16%, 60.55%, and 45.77%, respectively. The initial phosphorus
adsorption amount of LC-SWBC was 77.19 mg/g, and the
desorption amount in the 0.1 M NaOH solution reached
46.73 mg/g, indicating a good desorption effect. This is because
OH™ ions undergo ion exchange with phosphate ions, promoting the
desorption of phosphate from the biochar. In the 0.1 M HCI
solution, the desorption amount reached as high as 79.63 mg/g,
with a desorption rate exceeding 100% (103.16%). This is because
the precipitates formed by phosphate ions with La and Ca are
dissolved by the acid, leading to the release of phosphate ions.
However, the strong acidity of the HCI solution also damages the

Average pore diameter (nm)
24.296

13.898
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internal structure of the biochar, causing the release of sludge
phosphorus from within the biochar, resulting in a desorption
amount that exceeds the adsorption amount. The structural
damage makes it difficult for the biochar to be reused for
adsorption. The desorption effect of the 0.1 M NaCl solution was
weaker than that of the 0.1 M NaOH solution, with a desorption
amount of 35.33 mg/g; the desorption effect of deionized water was
even lower, with only 6.95 mg/g desorbed. Based on the above
experimental results, a 0.1 M NaOH solution was chosen as the
desorbent to further investigate the recycling efficiency of
LC-SWBC.

After the desorption and cyclic use with the 0.1 M NaOH
solution, the phosphate adsorption capacity of LC-SWBC
gradually decreased. The decline in the material’s adsorption
capacity is usually due to the reduction of available adsorption
sites, which may stem from two mechanisms: first, during the
regeneration process, the PO,” bound to the surface of the
biochar was not completely desorbed, still occupying some active
adsorption sites, thereby reducing the material’s adsorption
capacity; second, during the adsorption and desorption processes,
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a small amount of La and Ca in LC-SWBC partially dissolved,
reducing the number of adsorption sites and leading to a decrease in
adsorption capacity. After the second cycle, the adsorption capacity
decreased from the initial 77.19 mg/g to 39.08 mg/g, still
demonstrating a good phosphate adsorption effect. After five
cycles, the adsorption capacity was only 20% of the initial value,
but there was still an adsorption amount of 17.8 mg/g, which can
meet basic water treatment needs. In summary, LC-SWBC has good
regeneration and recycling value.

3.4 Adsorption kinetics

This study fitted the kinetic experimental data of phosphorus
adsorption processes on LC-SWBC using pseudo-first-order and
pseudo-second-order kinetic models. As shown in Figure 10a, the
adsorption rate initially rises rapidly and then gradually levels off,
approaching dynamic equilibrium after about 4 h, which is
consistent with existing research findings (Ren et al, 2012).
Numerous studies have indicated that this is related to the high
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(a) Kinetics, (b) isotherms of LC-SWBC.

adsorption affinity of lanthanum for phosphate; lanthanum is an
effective phosphate binder, and lanthanum-calcium composite
modification has been proven to effectively promote phosphate
adsorption. In the initial stage of adsorption, phosphate ions in
the La-O/La-OH
coordination active sites on the LC-SWBC surface, leading to a

solution quickly bind to the abundant

rapid decrease in phosphorus concentration in the solution. The
active sites on the LC-SWBC surface become occupied by phosphate
ions and tend to become saturated. At this point, phosphate ions
diffuse through the pores of the LC-SWBC and migrate to the
internal active sites. In the later stages of adsorption, as the internal
active sites of the adsorbent are gradually occupied, mass transfer
resistance increases, limiting the diffusion of phosphorus within the
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LC-SWBG, resulting in a further decrease in the adsorption rate.
When all the adsorption sites on the LC-SWBC are occupied by
phosphorus, the adsorption process reaches dynamic equilibrium.

Table 4 shows the fitting results of adsorption kinetics. The
correlation coefficient of the pseudo-second-order kinetic model
(R*> = 0.9896) is higher than that of the pseudo-first-order kinetic
model (R* = 0.9589), and the RMSE of pseudo second-order kinetic
model (1.94 mg/g) was also lower than that of pseudo first-order
kinetic model (3.06 mg/g). The RSR of the pseudo second order
kinetic model was only 0.093, far below the threshold of 0.5. The
model had good performance and could effectively predict the
adsorption performance. The theoretical value of the pseudo-
second-order kinetic model (76.96 mg/g) is closer to the
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TABLE 4 Adsorption kinetic parameters.

Pseudo-first-order kinetic model Pseudo-second-order kinetic model
Q ky R;? RMSE RSR %@ k, R,? RMSE RSR
73.97 0.105 0.9589 3.06 0.124 76.96 0.00272 0.9896 1.94 ‘ 0.093

TABLE 5 Adsorption isotherm parameters.

Langmuir Freundlich
Qunax Ky R RMSE RSR Ke n R’ RMSE RSR
80.83 1.23 0.9514 6.13 0.171 4535 0.116 0.8855 11.09 0353

TABLE 6 Adsorption thermodynamic parameters.

AG’(kd/mol) AH’(kd/mol) AS°(J/mol)
288 1.102232 ~2.63922 11.50137 48.97902 09462
298 ‘ 1.219012 ‘ ~3.02019
308 ‘ 1415145 ‘ ~3.62378

experimentally measured actual adsorption amount (77.19 mg/g) ~ RMSE and RSR of Langmuir model are also better than Freundlich

than the theoretical value of the pseudo-first-order kinetic model =~ model. This indicates that the adsorption of phosphorus by LC-

(73.97 mg/g). This indicates that chemical adsorption plays a ~ SWBC is primarily monolayer adsorption, mainly through chemical

dominant role in the process of LC-SWBC adsorbing phosphate  adsorption (Yao et al., 2011). According to the fitting results of the

(Lee et al., 2019). Langmuir model, the maximum adsorption capacity of this
adsorbent material is 80.83 mg/g.

3.5 Adsorption isotherms

3.6 Adsorption thermodynamics

In order to explore the adsorption mechanism of LC-SWBC in

depth, this study conducted a fitting analysis of the experimental data The thermodynamic study of adsorption (Table 6) can further
using the Langmuir and Freundlich adsorption isotherm models. The  reveal the adsorption mechanism of phosphorus on LC-SWBC. The
adsorption isotherm curve shown in Figure 10b illustrates the variation ~ magnitude of the adsorption enthalpy change (AH’) can be used to
in the adsorption capacity of LC-SWBC for phosphate under a  distinguish between physical adsorption processes (2.1-20.9 kj/mol)
phosphorus concentration gradient (0-600 mg/L). The experimental — and chemical adsorption processes (20.9-418.4 kJ/mol). Similarly,
results indicate that as the phosphorus concentration increases, the  the value of AG" can be used to differentiate between physical
adsorption capacity of LC-SWBC for phosphorus rapidly increases and ~ adsorption processes (-20-0 kJ/mol) and chemical adsorption
then gradually approaches saturation, reflecting the typical processes (-400~—80 kJ/mol). In this study, the negative AG
characteristics of the adsorption process. This is because, during the ~ values indicate that the adsorption reaction can occur
initial adsorption phase, the high concentration of phosphorus solution  spontaneously without external force conditions.

provides a greater mass transfer driving force, facilitating the diffusion The thermodynamic parameters AH® and AS® are both positive,
of phosphate ions to the surface of the adsorbent and the progression of ~ with AH" being 11.50 kJ/mol and AS” being 48.98 J/mol. The AG’ ranges
the adsorption process. from —20 to 0 kJ/mol, indicating that the adsorption of phosphorus by

The Langmuir model is based on the assumption of uniform  LC-SWBC involves a physical adsorption process. The positive AH"
surface monolayer adsorption with no interactions between  indicates that the phosphate adsorption process on LC-SWBC is an
adsorption sites; in contrast, the Freundlich model is suitable for  endothermic reaction, meaning that higher reaction temperatures are
describing the adsorption of heterogeneous active sites on the  more favorable for the process, enhancing the material’s adsorption
adsorbent surface, where the adsorbate can form multilayer efficiency, which is consistent with the experimental results (Karadag
adsorption and interactions between adsorption sites are et al, 2006). This is because an increase in temperature leads to a
considered. The fitting results in Table 5 indicate that the fitting  gradual decrease in the AG’ value, thereby accelerating the effective
correlation coefficient for the Langmuir model is R* = 0.9514,  contact between phosphate ions and the adsorption sites on LC-SWBC
significantly higher than that of the Freundlich model (R* = and improving mass transfer efficiency, resulting in enhanced
0.8855), which suggests that the Langmuir model can better  phosphorus adsorption by LC-SWBC and making the adsorption of
describe the adsorption process of phosphates by LC-SWBC. The  phosphate ions increasingly spontaneous, thus making the adsorption
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TABLE 7 Real wastewater quality indicators.
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TP (mg/L) IP (mg/L) NH4*-N (mg/L) NO3z™N (mg/L) COD (mg/L)
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(a) Effect of adsorbent dosage on real wastewater, (b) Adsorption kinetics of real wastewater.

effect more pronounced. AS™>0 indicates that the adsorption reaction is
an entropy-increasing reaction, where the degree of molecular disorder
increases, which is favorable for the adsorption of phosphorus (Yuan
et al., 2021).

3.7 Mechanism of LC-SWBC phosphorus
adsorption

Combining the previous XRD analysis results, the LC-SWBC
shows a high degree of correspondence with the PDF cards of
Ca(OH), and La(OH);. LC-SWBC-P exhibits distinct diffraction
peaks at 27.76°, 31.02°, and 34.37°, which match the standard
diffraction peaks of Ca3(POy), crystals. Additionally, new
diffraction peaks were detected at 19.89°, 29.03°, and 31.15,
corresponding to the standard diffraction peaks of LaPO,-0.5H,0
crystals. It can be concluded that La(OH); and Ca(OH), in LC-
SWBC are transformed into LaPO40.5H,O and Ca;(PO,),
precipitates during the adsorption of phosphorus, effectively
fixing phosphate ions from the water and forming stable
phosphate precipitates, thereby achieving effective removal of
phosphorus from the water body. Surface precipitation is an
important mechanism for LC-SWBC in adsorbing phosphates.
Further analysis through FTIR shows that, compared to LC-
SWBC, the O-H groups in La(OH); and Ca(OH), at 3608 cm™’
are consumed in LC-SWBC-P. Meanwhile, the area of the
absorption peak corresponding to the P-O asymmetric stretching
vibration at 1,057 cm ™" significantly increases, and the characteristic
peaks of the O-P-O bending vibrations at 615 cm ™' and 541 cm ™" are
also significantly enhanced, indicating that during the phosphate
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adsorption process, hydroxyl groups exchange with phosphate ions,
and phosphates bond to the material surface through chemical
bonds. The adsorption mechanism of the ligand exchange
forming La-O-P bonds is consistent with the mechanism of
lanthanum adsorption of phosphorus reported in the literature
(Wu et al, 2017), and it also indicates that lanthanum plays a
key role in phosphate adsorption. In the experiments concerning the
pH factor of the solution, there is a significant increase in the pH of
the solution after phosphate adsorption, and under low
pH conditions, the amount of phosphate adsorption is more
pronounced. This is because the hydroxyl groups on the surface
of LC-SWBC become positively charged through protonation,
which increases the electrostatic attraction between phosphate in
the solution and La’" and Ca’, enhancing the adsorption of
phosphate on the LC-SWBC surface. In summary, combined
with the fitting results of various models, the adsorption behavior
of LC-SWBC for phosphorus is a spontaneous adsorption process
that involves both physical and chemical adsorption, with chemical
adsorption being dominant, primarily as monolayer chemical
adsorption. The main adsorption mechanisms include surface
precipitation, ligand exchange, and electrostatic adsorption.

3.8 Efficacy of LC-SWBC in treating real
wastewater

3.8.1 Effect of adsorbent dosage on real
wastewater

Table 7 lists the water quality indicators of the actual wastewater
in this study. Figure 11a shows the removal rates of phosphates,
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inorganic phosphorus (IP), chemical oxygen demand (COD),
ammonium nitrogen (NH,"-N), and nitrate nitrogen (NO; -N)
in actual wastewater as a function of the amount of LC-SWBC
added. The experimental results indicate that LC-SWBC exhibits a
certain adsorption effect on the aforementioned pollutants, but there
are significant differences in adsorption efficiency for different
pollutants.

As the amount of LC-SWBC added increases, the removal rate
of phosphates in the wastewater significantly improves, which is
consistent with the results of previous optimization experiments.
When the dosage reaches 0.4 g/L, the phosphate removal rate can
reach 95%, with a total phosphorus (TP) effluent concentration of
0.77 mg/L, meet the discharge standard of class I B pollutants
(1 mg/L) in GB 18918-2002 of China. Further increasing the LC-
SWBC dosage to 0.6 g/L, the phosphate removal rate gradually
increases from 87.03% to about 97.95%; the COD removal rate also
shows a slight increase, rising from 10.45% to 19.83%; while the
adsorption removal rates of NH,*-N and NO;™-N remain stable at
around 35%. Overall, LC-SWBC shows the most significant
adsorption effect on total phosphorus and inorganic
phosphorus, followed by NH,*-N and NO;™-N, with the lowest
adsorption efficiency for COD.

3.8.2 Adsorption kinetics of real wastewater

As shown in Figure 11b, the adsorption kinetics characteristics
of LC-SWBC for phosphorus in wastewater are consistent with
existing literature reports, exhibiting a rapid initial decrease in
adsorption rate followed by a gradual slowdown. The fitting
results of the kinetic models indicate that the correlation
coefficients R*> for the pseudo-first-order and pseudo-second-
order kinetic models of LC-SWBC are 0.9622 and 0.9450,
respectively, suggesting that both models can adequately describe
the adsorption process, but the pseudo-first-order kinetic model
more accurately represents the adsorption process. This indicates
that the adsorption mechanism of LC-SWBC for phosphates in
wastewater is not singular but rather the result of multiple
mechanisms acting together, with chemical adsorption still being
the dominant factor.
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In actual wastewater treatment, the fitted maximum adsorption
capacity of LC-SWBC is only 29.62 mg/g, which is significantly
lower than its maximum adsorption capacity of 76.96 mg/g in
phosphate solutions. The reasons for this significant difference
are mainly twofold: on one hand, the phosphorus concentration
in actual wastewater is relatively low, and the pH is high, which is
unfavorable for the adsorption efficiency and capacity of LC-SWBC;
on the other hand, the presence of other pollutants in actual
wastewater, such as organic matter, suspended solids, and other
anions, may occupy the active sites on the biochar surface and block
the pores inside the biochar, leading to a significant decrease in
phosphorus adsorption capacity.

3.9 Analysis of phosphorus migration and
transformation pathways

3.9.1 Distribution of phosphorus forms in
hydrothermal carbonization solid-phase products
Figure 12a shows the composition ratio and unit content of
phosphorus forms in the solid phase under different treatment
conditions. The phosphorus component analysis of SS indicates
that OP accounts for 12.73%, while IP accounts for 88.5%, with a
unit content reaching 18.13 mg/g. Notably, the ratio of NAIP to AP is
high at 5.5:1, indicating that the bioavailability of phosphorus in SS is
relatively low. After hydrothermal carbonization (SBC), the reduction
of sludge caused by hydrothermal carbonization leads to an increase
in the unit content of TP. The proportion of OP decreases to 2.54%,
which is due to the hydrolysis of organic matter in the sludge and the
conversion of organic phosphorus to orthophosphate (Huang et al.,
2017); the proportion of IP is 96.80%, and the ratio of NAIP to AP
decreases to 1.33:1, with an increase in the proportion of AP. This
indicates that NAIP is an unstable compound, and under high-
temperature conditions, it may promote the conversion of NAIP
to AP, although the conversion is not complete (Xu et al., 2018). The
SWBC with added wheat straw shows two significant changes: on one
hand, the increase in biochar yield generally leads to a decrease in the
unit content of various phosphorus forms; on the other hand, the
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FIGURE 13
Phosphorus migration and transformation pathways under LC-
SWBC preparation conditions.

biomass contains rich mineral elements such as Ca, Mg, Si, Al, and Cl,
which can promote the conversion of phosphorus during the thermal
treatment of sludge (Ren and Li, 2015). The ratio of NAIP to AP
further decreases to 0.27:1, representing an 80% reduction compared
to the SBC group, significantly improving the bioavailability of
phosphorus. The modification treatment has a particularly
prominent regulatory effect on phosphorus forms. In LC-SBC, the
proportion of OP is 1.22%, while the proportion of IP reaches 99.59%.
The ratio of NAIP/AP is reduced to 0.048:1, which is significantly
lower compared to SBC and SWBC. The biochemical availability is
significantly enhanced. This demonstrates the significant promoting
effect of the addition of La and Ca modifiers on the conversion
pathways from OP to IP and from NAIP to AP. It reflects the
dominant role of Ca and La in phosphorus capture, as they lead
to the directional transformation of phosphorus forms by forming
stable compounds with phosphorus species. In LC-SWBC, the total
phosphorus (TP) is primarily composed of IP, accounting for 97.65%
of TP, with a content of 6.65 mg/g, most of which is AP, with a content
of 6.52 mg/g, accounting for 95.79% of TP. The ratio of NAIP to AP is
the lowest among the various preparation schemes, at 0.004:1. The
contents of OP and NAIP are as low as 0.04 and 0.03 mg/g,
respectively, indicating strong biochemical properties.

In the LC-SWBC-P material formed after adsorption, the total
phosphorus content significantly increased, mainly due to the
increase in the AP component, which accounted for 95.79%. This
is a phosphorus-containing mineral phase that is available for plant
use (Peplinski et al., 2009), and it also confirms the important role of
La-Ca in the adsorption process. The ratio of NAIP to AP is 0.056:1,
indicating that LC-SWBC-P has strong biochemical availability,
which provides good biochemical conditions for the subsequent
treatment of biochar and the utilization of phosphorus resources.

3.9.2 The morphological composition of
phosphorus in hydrothermal liquids

Figure 12b shows the morphological composition of phosphorus
in hydrothermal liquid. The total phosphorus concentration in the
hydrothermal liquid of the sludge reached 197 mg/L, of which
142.71 mg/L was inorganic phosphorus (IP). Organic phosphorus
(OP) was 54.29 mg/L, accounting for only 27.56% of the total
phosphorus. Under hydrothermal conditions with sludge and
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biomass, the OP content remained relatively unchanged at
55.46 mg/L, but due to a decrease in IP, the proportion of OP in
total phosphorus increased slightly to 34.00%. In the hydrothermal
liquid produced from the preparation of LC-SBC, the IP content
significantly decreased to 2.75 mg/L, with OP becoming the main
form of phosphorus present in the hydrothermal liquid at this time.
Under the combined influence of biomass and metal modification,
the IP content in the hydrothermal liquid further decreased, with
only 0.83 mg/L of IP in 65.35 mg/L of total phosphorus (TP). The
proportion of OP in TP reached 97.20%.

Overall, the addition of biomass and modified metals leads to a
decrease in IP content in the hydrothermal liquid, while changes in
OP content are significantly smaller than those in TP and IP. The
proportion of OP in TP increases due to the decrease in TP and IP
content, with 97.20% of TP in the hydrothermal liquid under LC-
SWBC preparation conditions being OP. This is because OP in the
hydrothermal liquid is difficult to convert to IP and is also
challenging to enrich in the hydrothermal solid phase.

3.9.3 The migration and transformation pathways
of phosphorus in the hydrothermal
carbonization process

In the hydrothermal process of SWBC, although the addition of
wheat straw promotes the conversion of IP in the hydrothermal
liquid to the solid phase, the content of IP and total phosphorus TP
in the hydrothermal liquid decreases. However, the content of
various forms of phosphorus units in the solid phase actually
decreases. This is due to the increased yield of biochar caused by
the incorporation of wheat straw, which dilutes the phosphorus unit
content in the solid phase. The increase in yield has a significantly
stronger dilutive effect on the phosphorus content in the solid phase
than the positive gain from the migration of liquid phase IP to the
solid phase, ultimately leading to a decrease in both IP and TP
content in the hydrothermal liquid and solid phase. This change in
the interphase balance reveals the key regulatory role of product
increment on the phosphorus distribution between the two phases.

In the hydrothermal carbonization process of LC-SBC, due to
the significant phosphorus affinity of the La-Ca modifier, most of the
IP in the hydrothermal liquid is enriched into the solid phase LC-
SBC through chemical interactions. The mechanism involves the
formation of stable compounds such as LaPO4-nH,0O and Ca3(PO,),
between the modified metals and phosphates. This chemical
adsorption effectively reduces the content of IP and TP in the
hydrothermal liquid while significantly increasing the proportion
of IP in LC-SBC, achieving selective enrichment of liquid phase IP
into the solid phase. Therefore, the modified metals significantly
alter the migration and transformation patterns of phosphorus
during the hydrothermal carbonization process.

The preparation of LC-SWBC,
enhancement of wheat straw doping and metal modification, can

through the synergistic

effectively transfer and fix phosphorus from hydrothermal liquid
into the solid phase product while increasing the carbon yield. This
allows for the effective recovery of phosphorus resources in solid
conditions the
of biochar and the utilization of
The adsorbed LC-SWBC-P also has
This study provides
theoretical basis and technical pathway for the use of auxiliary

form, providing favorable biochemical for

subsequent treatment
phosphorus resources.
for resource utilization.

potential a
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phosphorus fertilizers or for soil improvement, which has significant
practical value in promoting the resource utilization of sludge and
sustainable phosphorus management. A large number of studies
have treated hydrothermal liquid as an organic carbon source for
water treatment, utilizing biochemical processes. The OP in the
hydrothermal liquid is effectively treated during biochemical
reactions while serving as an organic carbon source. The OP in
the hydrothermal liquid of LC-SWBC is also retained, providing
good conditions for biochemical disposal as an organic carbon
source. These aspects are significant for achieving resource
recovery and harmlessness in the hydrothermal carbonization
The
phosphorus during the preparation of LC-SWBC through

process. migration and transformation pathways of

hydrothermal carbonization are shown in Figure 13.

4 Conclusion

This study focuses on sludge as the research object and employs
alkaline precipitation and a one-step hydrothermal method to
prepare LC-SWBC. Characterization techniques confirm that La
and Ca are successfully loaded onto the surface of hydrothermal
carbon and effectively adsorb phosphates from water. Mechanistic
studies indicate that the adsorption behavior of LC-SWBC towards
phosphorus exhibits both physical and chemical adsorption
characteristics, with chemical adsorption mechanisms such as
surface  precipitation, ligand exchange, and electrostatic
adsorption being predominant. Langmuir fitting results show that
the maximum monolayer adsorption capacity of LC-SWBC for
phosphorus reaches 80.78 mg/g. At an addition amount of 0.4 g/
L, the phosphorus concentration in urban wastewater can be
significantly reduced from 12.39 mg/L to 0.77 mg/L, meet the
discharge standard of class I B pollutants (1 mg/L) in GB 18918-
2002 of China. Notably, the phosphorus in the hydrothermal liquid
produced during the preparation of LC-SWBC is primarily OP,
while the main phosphorus composition of the adsorbed LC-SWBC-
P is AP, providing favorable process conditions for the subsequent
resource utilization and harmless treatment of hydrothermal liquid
and biochar. As an adsorption material prepared based on the
resource utilization of sludge, LC-SWBC shows promising
prospects in  terms  of

biodegradability. It not only has application value in wastewater

adsorption  performance and
treatment but also has development potential as a new type of slow-
release phosphorus fertilizer or soil amendment, promoting
Additionally,  the
hydrothermal liquid has potential for resource utilization as a
carbon source and other applications.

This study prepared LC-SWBC and revealed its PO,*" removal
efficiency and mechanism of action, but there is still much work to

sustainable  development. by-product

be done for improvement and further exploration. Firstly, this study
produced LC-SWBC with optimal adsorption performance, but did
not consider the adsorption performance under the unit cost of the
material. Based on the market price of the raw materials used for
preparation, the estimated unit cost is about 8 CNY/kg. Future
research could further investigate the economic preparation
conditions of LC-SWBC, specifically the maximum adsorption
performance at the unit cost in actual wastewater, to facilitate its
application in industrial production and promotion. Secondly,
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although  this
effectiveness of the phosphorus components, the actual efficacy

study theoretically analyzed the biological
of biochemical utilization still needs to be validated, for example,
by conducting seed germination experiments to further confirm it.
Additionally, potential risks during long-term use (such as metal
release) also need to be assessed to ensure its environmental

friendliness.
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