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The global community is confronted with two interconnected issues: phosphorus contamination in water bodies
and the diminishing reserves of phosphate rock. This research presents an innovative dual-purpose strategy,
which utilizes MgO-modified biochar (MgO-BC) to extract phosphorus from wastewater and subsequently recycle
it into a controlled-release fertilizer. MgO-BC was synthesized using a chemical foaming strategy, with corn stalk
as a carbon precursor and Mg(HCOs): as both an activation agent and metal source, resulting in a honeycomb-
like MgO-modified biochar. The phosphorus adsorption onto MgO-modified biochar (MgO-BC) adhered to
pseudo-second-order kinetics, achieving a maximum adsorption capacity of 189.90 mg/g, suggesting that
chemical processes predominantly govern phosphorus capture. The primary mechanisms for phosphorus removal
by MgO-BC are electrostatic interactions and complexation reactions. Field and laboratory tests demonstrated
that MgO-BC-P,qs effectively released 59.02 % of the absorbed phosphorus into the soil within 35 days. More-
over, compared to the CK group, the MgO-BC-P,4s treatment significantly increased the dry weight (131.58 %),
leaf length (14.37 %), and leaf number (57.14 %) of the bok choy. It also enhanced root length (52.24 %) and
surface area (76.39 %) compared to the superphosphate treatment (CF). This research highlights the potential of
MgO-BC as a viable and sustainable approach for waste management and agricultural enhancement.

1. Introduction Mt) (Cao et al., 2014). At the same time, phosphate rock is a finite,

non-renewable resource, with global reserves being depleted at an

Phosphorus plays a crucial role in agriculture as a vital nutrient for
plant growth and food production (Cordell et al., 2009; Reinhard et al.,
2017). However, due to its reactive nature, over 80 % of applied phos-
phorus fertilizers become unavailable for plant uptake through sorption
processes or microbial immobilization. Annually, around 15 million tons
of phosphorus fertilizer are applied to fulfill plant phosphorus needs, yet
only 5-30 % is absorbed by crops (Wang et al., 2012; Zhu et al., 2018).
Excess phosphorus that fails to re-enter the biogeochemical cycle con-
taminates water bodies, causing harmful algal blooms, water quality
degradation, and disruption of aquatic ecosystems (Huang et al., 2024).
In China, agriculture phosphorus losses were estimated at approxi-
mately 76.2 Mt in 2017, surpassing losses from industrial sources (70.9

alarming and uneven rate. The US Geological Survey estimates that
approximately 62 billion tonnes of phosphate remain in the earth, which
could be exhausted within the next 300 years (Gilbert, 2009; Peng et al.,
2023). Therefore, developing technologies to recover phosphorus from
wastewater and recycle it into soil is crucial for controlling phosphorus
pollution and mitigating the depletion of phosphate rock resources.
Previously reported methods for addressing phosphorus pollution in
wastewater include biological processes (Chen et al., 2022; Izadi et al.,
2020), chemical precipitation (Ma et al., 2021; Piash et al., 2022), ion
exchange (Guida et al., 2021; Ownby et al., 2021), and adsorption
(Bacelo et al., 2020; Dai et al., 2020). Among these, adsorption stands
out as a promising alternative, enabling both phosphate removal and
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recovery (He et al., 2022; Jiao et al., 2021; Zhang et al., 2022). Biochar,
a charcoal-like material produced from waste biomass through slow
pyrolysis, is commonly used as an adsorbent due to its availability, high
surface area, and porous structure (Xiang et al., 2020; Zhou et al., 2021).
Furthermore, biochar has shown significant improvements in soil
fertility, land restoration, and nutrient use efficiency, thereby enhancing
crop productivity (Joseph et al., 2021; Zhang et al., 2021). As a result,
phosphorus-absorbing biochar holds significant potential as a
slow-release fertilizer, enhancing soil fertility, stimulating crop growth,
and boosting agricultural yields (Almanassra et al., 2021; Li et al., 2020;
Wang et al., 2020). However, since the primary forms of phosphate in
water are H.PO4~ and HPO.*, pristine biochar, like most carbon-based
adsorbents, typically has a negatively charged surface, limiting its
ability to adsorb large quantities of anionic phosphate species.
Numerous studies have shown that metal cations (such as Ca?*, Fe®*,
Mg, AlI**, and La*)-modified biochar exhibit a strong affinity for
phosphorus recovery (Chen et al., 2020; Hu et al., 2023; Luo et al., 2023;
Shakoor et al., 2021). For instance, Zhu et al. (Zhu et al., 2020) created
MgO-biochar by pyrolyzing MgCly-impregnated corn stover, effectively
removing and recovering phosphate from aqueous solutions. They
observed that adsorption performance improved with increased Mg
content, correlating strongly with external surface area. Unlike
high-valence metals (e.g., La**, Al**), which form insoluble phosphate
complexes limiting phosphorus bioavailability, Mg?* generates
plant-available struvite analogs crucial for agronomic value creation.
Environmentally, MgO hydrolysis yields only benign Mg(OH)2, elimi-
nating ecotoxic risks from leached metal ions. Despite advances in
metal-impregnated modified biochar, significant research gaps persist.
Optimizing metal ion distribution and the pore structure during
impregnation and calcination is crucial, as adsorption capacity corre-
lates with the specific surface area (SSA), providing more adsorption
sites. These gaps underscore the necessity for additional studies focused
on improving the efficiency of metal infusion into biomass and evalu-
ating its effects on the physical and chemical characteristics of the host
materials.

Building on the flour-making process, this research introduces a
novel chemical foaming approach to create honeycomb-structured MgO-
modified biochar. Corn stalks serve as the carbon source, and Mg
(HCOg3)2 acts both as an activation agent and a metal precursor.
Crucially, Mg(HCOs)2’s staged thermal decomposition orchestrates
simultaneous pore-engineering and metal dispersion: its low-
temperature breakdown (50-350°C) liberates endogenous CO: that
acts as a nano-porogen to expand hierarchical micro/mesopores, while
subsequent MgCOs-to-MgO conversion at 750°C exploits early-released
CO: as kinetic barriers to confine MgO nanocrystals within the carbon
lattice. This intrinsic foaming mechanism transforms the composite into
a multifunctional platform for phosphorus recovery-reuse synergy-
—efficiently capturing aqueous phosphate via MgO ligand exchange and
gradually releasing it into soil as a slow-release fertilizer. Through lab-
oratory and field experiments, the main objectives are to, (1) describe
the physical and chemical characteristics of MgO-impregnated biochar
(MgO-BC) synthesized through the chemical foaming method, (2)
investigate the efficacy and mechanisms of MgO-BC in capturing phos-
phorus from wastewater, (3) examine the release behavior of
phosphorus-loaded MgO-BC, (4) evaluate the impact of applying
phosphorus-loaded MgO-BC on crop productivity. Ultimately, this
research emphasizes the potential of MgO-BC as a multifunctional ma-
terial that integrates waste management with nutrient recycling within a
circular economy framework, thereby promoting environmental sus-
tainability and agricultural resilience.

2. Materials and methods
2.1. Raw material

Corn straw harvested from Northeast Agricultural University’s
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experimental station (Harbin, 45.75°N, 126.53°E) were processed
through sequential washing, oven-drying (60°C), and mechanical mill-
ing to < 0.18 mm particulates. Experimental soils collected from surface
horizons (0-20 cm depth) at the same site underwent standardized ho-
mogenization for column leaching and potting experiments. Compre-
hensive physicochemical characterization data are provided in
Supporting Information Table S1.

2.2. Synthesis of Mg-modified biochar (MgO-BC-x)

Pretreated maize stalk particulates were subjected to Mg(HCOs):
immersion at varying concentrations (0.1, 0.5, 1.0 M) with 1:1.5 solid-
liquid ratio (w/v), followed by continuous agitation (300 rpm, 24 h).
The Mg**-impregnated biomass was oven-dried (60°C, 24 h) prior to
pyrolysis treatment. Thermal conversion was conducted in a tubular
furnace under argon atmosphere (flow rate 150 mL/min), where 20 g
precursor underwent programmed heating (10 °C/min ramp to 750°C,
2 h dwell) to ensure complete transformation of Mg species to highly
crystalline MgO while maintaining optimal pore structure. The resultant
MgO-biochar variants, designated MgO-BC-(1—3), corresponded to
initial Mg(HCOs)2 concentrations 0.1-1.0 M respectively.

2.3. Batch adsorption experiment, kinetic, and isotherm

The adsorption capacity was determined using the Eq. 1 (Ma et al.,
2020).

where g (mg/g) represents the equilibrium adsorption capacity, V
(L) denotes the solution volume, C; (mg/L) and Cy (mg/L) indicate the
initial concentration and the remaining solution concentrations,
respectively, and m (g) is the mass of MgO-BC-x.

Kinetic trials employed 0.10 + 0.01 g/L MgO-BC-x dosage in 10 mg/
L PO<* - solution. Temporal adsorption profiles were monitored over
0-1440 min, with Pseudo-first-order (Eq. 2), Pseudo-second-order kinetics
(Eq. 3), Elovich kinetics (Eq. 4) and W&M kinetics (Eq. 5) models applied
to interpret the kinetic dataset (Wang and Guo, 2020).

In the isotherm experiments, MgO-BC-x was used at a dosage of
0.10 + 0.01 g/L, with PO§" concentrations ranging from 10 to 120 mg/L.
The ge of MgO-BC for PO3” was analyzed using the Langmuir (Eq. 6),
Freundlich (Eq. 7), and Tempkin (Eq. 8). Details of the model parameters
can be found in the supplementary materials (Liang et al., 2022).

To assess practical applicability of phosphate removal using real
wastewater was conducted. Phosphate-contaminated agricultural
wastewater was collected from a livestock farm in Harbin, China. The
phosphate concentration in the wastewater was 2.33 mg/L.

2.4. Release kinetics of phosphate

Saturated adsorbents were prepared by exposing MgO-BC to 100 mL
of 5000 mg/L phosphate solution. Post-equilibrium, materials were
rinsed with ultrapure water, oven-dried (105°C, 24 h), and designated
MgO-BC-P,gs. The saturated adsorbent demonstrated 99.38 mg/g
phosphate loading capacity prior to release trials. The phosphate release
kinetics of MgO-BC-P,qs were studied in deionized water. Specifically,
0.05 g of MgO-BC-P,4s and 50 mL of deionized water were added into a
conical flask, which was then oscillated at 180 rpm in a thermostatic
oscillator set to 25 + 0.3 °C. The supernatants were collected at various
time intervals (0.25, 1, 5, 15, 30, 60, 90, 120, 240, and 360 mins) using
0.45 pm membrane filters. Triplicated experimental sets were analyzed
using four transport-kinetic models to decipher MgO-BC-P,45” phosphate
liberation pathways: zero-order model (Eq. 9), first-order model (Eq. 2),
Ritger-Peppas model (Eq. 10), and Higuchi model (Eq. 11) (Zhang et al.,
2023).

2.5. Soil column leaching test

The phosphate liberation dynamics of MgO-BC-Pyqs under
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pedospheric conditions were evaluated through standardized soil-
column leaching assays. The experimental setup included three treat-
ment groups, CK (control with zero phosphate), CF (superphosphate at
6.66 g/kg, PO%’ at 1 g/kg), and MgO-BC-P,qs (slow-release fertilizer at
10 g/kg, PO3 at 0.99 g/kg) (Gao et al., 2023). The experimental columns
(10 cm diameter x 30 cm height) were constructed using a dual-layer
135-mesh nylon filtration base, overlaid with a 50 g quartz sand ma-
trix as a drainage medium. Following standardized protocols, pre-
processed soil (air-dried, 170 g) was homogeneously blended with
respective fertilizer treatments prior to column packing, achieving
consistent soil matrix conditions at 1.3 g/cm® bulk density through
controlled mass-volume ratios. An additional 50 g quartz sand was
placed at the top of each column to stabilize the soil surface during the
leaching process. A schematic diagram of this setup is provided in
Fig. S1. After preparing the soil columns, they were watered to 70 % of
field capacity and incubated at 25 °C. The leaching process involved
adding 240 mL of distilled water to each column on days 7, 14, 21, 28
and 35 to simulate rainfall events and quantify phosphate leaching.

2.6. Pot experiment

Pot experiments with bok choy were conducted in a greenhouse to
evaluate the effectiveness of different phosphorus treatments. Three
treatment groups were established, CK (control with zero phosphate),
CF (superphosphate at 6.66 g/kg), and MgO-BC-P,4s (Slow-release fer-
tilizer at 10 g/kg). All treatments were supplemented with identical
amounts of nitrogen and potassium. Each treatment was replicated 18
times. Phosphorus release was monitored from both the surface layer
and the rhizosphere soil on days 7, 14, 21, 28, and 35 days after sowing.
Harvest-stage agronomic metrics (plant height, biomass accumulation
(fresh/dry weight) of the bok choy were systematically quantified using
standardized protocols. These measures were used to evaluate the
impact of the phosphorus treatments on plant growth and development.

2.7. Characterization of MgO-BC-x and soil

The microstructural features of MgO-BC-x composites were analyzed
using field emission scanning electron microscopy coupled with energy-
dispersive X-ray spectroscopy (FE-SEM/EDS, SU8010, JEOL). This in-
tegrated characterization approach enabled simultaneous topographical
examination and surface elemental mapping. Field emission trans-
mission electron microscopy (FE-TEM, JEM-2100F, JEOL, Japan) was
employed to analyze the morphology, size, and crystallinity of the
samples. The surface functional groups were characterized using fourier
transform infrared spectroscopy (FT-IR, IR Tracer 100, Shimadzu,
Japan), spanning a range of 4000 cm ™! to 400 cm ™! using the KBr tablet
method. Nitrogen adsorption-desorption isotherms were performed on
ASAP 2020 HD88 from Micromeritics (USA) to assess the surface area
and porosity of the as-prepared MgO-BC-x samples. The crystalline
phases of MgO-BC-x samples were analyzed using X-ray diffraction
(XRD) with a Miniflex 600 diffractometer (Rigaku, Japan) operated at
Cu Ko radiation (A = 1.5406 A). To evaluate the phosphorus adsorption
performance and its impact on the surface chemistry of the adsorbents,
X-ray photoelectron spectroscopy (XPS, ESCALAB™ 250Xi, Micro-
meritics, USA) was employed. All XPS spectra were calibrated using the
C 1 s peak at 284.8 eV, providing insights into the chemical states of
surface-bound species under varying pH conditions.

2.8. Statistical analysis

Data processing and visualization were executed through Excel 2019
(Microsoft Corp.) and Origin 2019 (OriginLab) software platforms. For
statistical validation, inter-group variance was assessed via one-way
analysis of variance (ANOVA) with post-hoc LSD testing using SPSS
v25.0 (IBM Corp.), adopting a parametric testing framework with a
= 0.05 as the significance criterion.
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3. Results and discussion
3.1. Characteristics of the MgO-BC-x adsorbents

In this study, inspired by the culinary process of using baking soda to
produce soft and porous food, a novel chemical foaming strategy was
developed to fabricate honeycomb-like MgO-BC at high throughput
(Ouyang et al., 2016). As shown in Fig. 1a, fresh corn stalks were first
immersed in solutions with different concentrations of Mg(HCO3),,
facilitating the recrystallization of the salt both on the surface and
within the internal structure of the stalks as the water evaporated.
During calcination, the decomposition of these salt crystals induces
in-situ etching on the surface while simultaneously doping the carbon
matrix with MgO. The SEM (Fig. S2a) and TEM images (Fig. S2b) reveal
contrasting morphologies between corn stalks subjected to different
treatments. Untreated corn stalks after calcination retain a dense, blocky
particle morphology mirroring their original structure. In contrast,
carbonization of Mg(HCOs3)s-treated corn stalks results in a
three-dimensional scaffolding framework composed of numerous gran-
ular materials due to the introduction of MgO, as depicted in Fig. 1(b-c).
The increased surface roughness of MgO-BC-2 enhances its function-
ality, creating numerous fine pores that significantly improve its phos-
phate adsorption capabilities (Montakhabi et al., 2022). It was noted
that the pore walls became thinner and the biochar structure transi-
tioned from flakes and columns to a mixed porous honeycomb structure.
This morphological transformation is attributed to the thermal insta-
bility of Mg(HCO3), at high temperatures, which leads to significant CO,
gas generation, thereby enlarging the pore volume (He et al., 2024).
However, increasing the concentration of Mg(HCO3)3 slightly decreased
the average pore size, likely due to pore obstruction caused by the
by-products of decomposition (Zhao and Zhu, 2007). This is supported
by the significant MgO particle agglomeration on MgO-BC-3’s surface,
confirming the concentration-dependent structural effects. This
agglomeration may impede effective contact between the active surface
of the biochar and the solution, thereby reducing its reactivity and uti-
lization efficiency.

Transmission electron microscopy characterization of MgO-BC-2
elucidated its nanostructural architecture, as demonstrated in Fig. 1d.
The biochar matrix supported monodisperse MgO nanocrystals exhib-
iting a mean particle diameter of 70.17 + 1.15 nm with equilibrium
spatial arrangement. Crystallographic analysis through high-resolution
TEM imaging (Fig. le inset) resolved distinct lattice spacings
measuring 0.21 nm, corresponding to the (200) crystallographic plane
of periclase MgO (JCPDS 45-0946), confirming the successful formation
of well-defined magnesium oxide phases (Ding et al., 2022). The EDS
elemental mapping under the HAADF-STEM mode confirmed the for-
mation of MgO nanocomposites on the biochar surface, with C (33.33 wt
%), O (34.59 wt%), Mg (31.3 wt%), and N (1.79 wt%) detected in the
complex (Fig. 1 f).

To investigate the effect of Mg(HCO3), on the properties of MgO-BC,
a series of characterizations were conducted. The crystal structures of
MgO-BC-x were characterized by XRD. Fig. 1 g illustrates the X-ray
diffraction pattern of MgO-BC-2, revealing distinct diffraction peaks at
36.94°, 42.92°, 62.30°, 74.70°, and 78.63°, which correspond to the
(111), (200), (220), (311), and (222) crystallographic planes of mag-
nesium oxide (JCPDS card No. 45-0946). This alignment confirms the
successful incorporation of MgO into the biochar matrix. Combined with
the EDS results (Fig. S3), we hypothesized that the irregular precipitates
on the biochar surface can be identified as MgO. However, the XRD
analysis of MgO-BC-x did not reveal any diffraction peaks corresponding
to graphite carbon, indicating that the as-prepared biochar is amor-
phous. The FTIR spectrum of MgO-BC-x, shown in Fig. 1 h, exhibits a
broad peak around 3700 cm™ , attributed to the stretching vibrations of
-OH groups. The peak in the 2700-2800 cm™' range corresponds to the
antisymmetric stretching vibration of C-H groups. The infrared spec-
trum exhibited two prominent features: (€D)]
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Fig. 1. (a) Diagrammatic representation of the MgO-BC-x composite preparation process. (b) SEM image, (c-d) TEM image, (e) HRTEM image of MgO-BC-2, and (f)
the EDS element mappings under HAADF-STEM model. (g) XRD spectra, (h) FTIR spectra of MgO-BC-x. (i) The XPS spectrum of MgO-BC-2. High-resolution XPS
spectra of C 1 s (h), O 1s (i), and Mg 1 s (j). (k) N, adsorption-desorption isotherms of MgO-BC-x (inset: pore size distributions).

1400-1600 cm™ absorptions indicative of conjugated carbonyl/carbon-
carbon (U(C=0/C=C)) structures, and (2) 900-1200 cm™ signals
characteristic of oxygen-containing moieties (v(C-O/C-O-C)). Notably,
the low-frequency region (500-800 cm™) displayed metal-oxygen
vibrational modes (v(Mg-0)), providing spectroscopic evidence for
magnesium-based oxide/hydroxide species integration within the car-
bon matrix (Balakrishnan et al., 2020).

X-ray photoelectron spectroscopy (XPS) characterization of MgO-BC-

2 revealed distinct elemental signatures in the survey spectrum (Fig. 1i),
with prominent signals corresponding to carbon (C 1 s), oxygen (O 1 s),
and magnesium (Mg 1 s) core levels. To elucidate surface chemical en-
vironments, high-resolution spectra were subjected to Gaussian-
Lorentzian peak deconvolution. The C 1s region (Fig. 1j) resolved
three chemical states: graphitic carbon (284.8 eV), ether-type oxygen
bonds (286.0 eV), and conjugated aromatic systems (290.3 eV). Parallel
analysis of the O 1 s spectrum identified two dominant contributions:
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hydroxyl/carbonyl oxygen (532.0 eV) and magnesium-oxide coordina-
tion (530.9 eV), demonstrating successful integration of MgO with the
carbonaceous framework. Additionally, the Mg 1 s peak shows a sig-
nificant feature at 1304.5 eV, attributed to native MgO. These findings
highlight the significant presence of oxygen-containing functional
groups and magnesium on the biochar surface, which enhance its ability
to adsorb PO.®-. Furthermore, with the usage ratio of Mg(HCO3),
increased, a shift in the elemental composition was observed, with an
increase in hydrogen and decreases in carbon and nitrogen in MgO-BC-x
(Table 1).

To further assess the porosity of the as-prepared carbon materials, Ny
adsorption—desorption isotherm analysis was performed and the results
are depicted in Fig. 1k and Fig. S4. All the isotherm curves exhibited a
typical Type IV profile, with a marked increase in the quantity of gas
adsorbed at higher pressures and an H3-type hysteresis loop occurring at
p/po > 0.5. This behavior indicates capillary condensation within larger
mesopores, suggesting the presence of macropores as well (Monson,
2012). The textural properties of the synthesized materials were quan-
tified through nitrogen adsorption-desorption analysis, with surface
porosity parameters derived from Brunauer-Emmett-Teller (BET) cal-
culations (Table 1). MgO-BC-2 demonstrated superior surface develop-
ment, exhibiting a BET-specific surface area of 86.36 m2.g' that
exceeded values for MgO-BC-1 (35.96 m*g?’) and MgO-BC-3
(69.34 m*-g™"). This hierarchical pore architecture suggests optimized
synthesis conditions for MgO-BC-2, potentially enhancing its phos-
phorus adsorption capacity through increased reactive site availability.
The pore volume of MgO-BC-1, MgO-BC-2 and MgO-BC-3 are 0.028 cm®
gl 0.28cm® g7, and 0.32cm® g7!, respectively, showing an
increasing trend with the dosage of Mg(HCOs3),. The mesoporous char-
acteristics of MgO-BC composites were quantified through
Barrett-Joyner-Halenda (BJH) pore network modeling, with pore size
distribution profiles reconstructed from nitrogen desorption isotherms
(Huang et al., 2014). The pore distribution of MgO-BC-1 ranges from
48.72 to 245.28 nm, exhibiting a macropore structure. This is attributed
to the localized collapse of the material due to a small amount of CO»,
without significantly affecting the pore channels. Under COz-activation
conditions, MgO-BC-2 and MgO-BC-3 developed tri-modal porosity,
integrating micropores (<2 nm), mesopores (2-50 nm), and macropores
(>50 nm) within their carbon matrices, enhances phosphate accessi-
bility by providing molecular sieving through micropores, rapid trans-
port via mesopores, and bulk storage in macropores, a critical design
feature for sustained nutrient release in soil-water systems. This hier-
archical porous structure with a high SSA can provide ample adsorption
sites for the accumulation of Mg?* and PO, which is highly beneficial
for BC. Micropores play an important role in the adsorption/desorption
processes, while mesopores offer a larger accessible surface area for ion
transport/charge storage. Macropores, in contrast, serve as a buffer,
reducing diffusion distances to the internal surfaces of the pores.
Notably, the substantial accumulation of metal salts in MgO-BC-3 caused
some pore blockage, resulting in a more pronounced mesopores distri-
bution. In summary, the introduction of magnesium bicarbonate
significantly influences the characteristics of biochar. The decomposi-
tion of magnesium bicarbonate upon heating releases a substantial
volume of CO, gas, effectively enlarging the pore size of the biochar.
Simultaneously, the in-situ formation of MgO ensures its uniform dis-
tribution across the surface of the biochar. However, excessive addition
of magnesium bicarbonate leads to the agglomeration of MgO, which

Table 1
The element content of MgO-BC-x.

Elemental analysis SSA(m?/g) Viotal ( cm®/g )
C% H% N % S %
MgO-BC-1 37.69 0.73 0.18 0.05 35.96 0.028
MgO-BC—-2 26.24 0.85 0.09 0.04 86.36 0.28
MgO-BC-3 19.68 1.09 0.02 0 69.34 0.32
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inevitably obstructs the pores of the biochar. Considering the intended
application of the synthesized samples for the adsorption of phosphates
from aqueous solutions, optimizing the surface area and the MgO
loading on the biochar is economically viable.

3.2. Effect adsorption of the as-prepared MgO-BC-x for adsorbents on
phosphorus removal performance adsorption

Determining the optimal dosage of adsorbent is crucial for managing
the operational costs of the treatment system. Generally, higher dosage
of adsorbent result in greater contaminant removal efficiency
(Padmavathy et al., 2016). To evaluate the effect of varying MgO-BC-x
content on adsorption, we compared the adsorption properties of
MgO-BC-x composites under identical conditions with different dosages.
As depicted in Fig. 2a, increasing the MgO-BC-x dosage enhanced the
adsorption capacity for PO3. Notably, MgO-BC-2 exhibited superior
adsorption properties compared to MgO-BC-1 and MgO-BC-3. PO.® -
concentration declined sharply from 6.46 mg/L to 0.21 mg/L as
MgO-BC-2 application rates rose from 0.05 to 0.5 g/L. This observation
aligns with previous research (Mahajan and Sud, 2015), which suggests
that higher adsorbent quantities typically reduce the adsorption capac-
ity per unit mass. Despite the higher quantity of MgO in the MgO-BC-3
adsorbents, their lower adsorption capacity compared to the MgO-BC-2
sample indicates that the surface structure plays a more significant role
in the adsorption of phosphates. This observation suggests that the
optimized structure of the adsorbent is crucial for improving adsorption
efficiency, highlighting the importance of engineering the surface
properties for optimal performance. In summary, the optimal concen-
tration of Mg(HCO3), for preparing MgO-BC composites was found to be
0.5 mol/L. Based on its superior performance in preliminary tests,
MgO-BC-2 served as the primary adsorbent in follow-up trials. Solution
pH critically regulates adsorption efficiency by governing interfacial
interactions between adsorbent and phosphate ions, while simulta-
neously controlling surface charge development. Fig. 2b presents the
influence of pH on PO3" adsorption by MgO-BC-2, showing that alkaline
conditions inhibit adsorption. Under acidic conditions, the adsorption
efficiency initially decreases and then increases, with the optimal
removal efficiency occurring at pH 7. Consequently, a pH value of 7 was
selected for further experiments. Competitive adsorption by coexisting
anions (e.g., SO+*/HCOs?) in phosphate-laden wastewater may
compromise PO.® - capture efficiency through ionic interference. In this
study, common anions found in wastewater, such as carbonate (CO%’),
sulfate (SO%'), and chloride (CI'), were utilized as competing ions in a
simulation to assess their influence on the adsorption capacity of
MgO-BC-2. As shown in Fig. 2¢ and Fig. S5, the affinity of these anions
for POY adsorption sites follow the order CO% >S07 > Cl. The
observed selectivity trend originates from variations in ionic charge
magnitude and hydration shell dimensions, governing their competitive
affinity toward adsorption sites. MgO-BC demonstrated a removal effi-
ciency of 98.3 % (Fig. S6) in the treatment of real wastewater, further
confirming its potential for industrial-scale application.

The temporal adsorption behavior of phosphate on MgO-BC-2 was
monitored for 0-1440 min, with temporal progression profiles illus-
trated in Fig. 2d-f. Kinetic analysis employed four adsorption models:
pseudo-first-order (Eq. 2), pseudo-second-order (Eq. 3), Elovich (Eq. 4),
and intraparticle diffusion (W&M, Eq. 5) to decipher the uptake mech-
anism. As tabulated in Table 2, the pseudo-second-order model
demonstrated optimal fitting (R*> = 0.9696), confirming chemisorption
as the principal phosphate uptake mechanism. This suggests the
involvement of chemical bonds, electron sharing, or transfer between
adsorbate and adsorbent, although physisorption may also play a minor
role (Xu et al., 2024). The Elovich equation (R? = 0.9637) further
validated the chemisorption mechanism through its accurate kinetic
characterization.

Intraparticle diffusion analysis delineated three distinct sorption
phases (Fig. 2 g): (1) rapid liquid-film diffusion of phosphate to MgO-
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adsorption. (k) FTIR spectrum. (1) XRD spectrum. (m), XPS survey spectrum, (n) high-resolution XPS spectra of Cls, Ols, Mgls, and P 2p.

BC-2 surfaces via abundant active sites, followed by (2) gradual pore
penetration, and (3) final equilibrium attainment. The second stage is
the mesopore diffusion, where phosphate ions begin to diffuse into the
deeper mesopores of the adsorbent as the surface sites become saturated,
leading to a decrease in the diffusion rate. The final stage is the

micropore equilibrium stage, where both the internal and external sites
approach saturation, further slowing the diffusion rate until equilibrium
isreached. Non-origin intercepts in stagewise linear regressions (Crank’s
diffusion theory) demonstrate that while intraparticle diffusion partici-
pates in rate control, multiple kinetic barriers coexist during phosphate
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Table 2
Kinetic and Isotherm model parameters.
Kinetic model Parameters PO3 concentration (mg/L) Isotherm model Parameters T (K)
5 10 20 298 308 318
Pseudo-first-order k; 0.0080 0.0177 0.0074 Langmuir Gmax (Mg/g) 189.8998 202.7459 218.3569
g (mg/g) 60.4535 69.3081 89.8515 K (L/mg) 0.0208 0.0423 0.0625
R? 0.8907 0.9421 0.8637 R? 0.9615 0.9889 0.9781
Pseudo-second-order ks 1.8323 2.8748 2.5877 Freundlich Kr 29.7660 38.0819 59.7354
q. (mg/g) 66.3699 76.2753 85.3899 n 0.3899 0.3703 0.2952
R? 0.9696 0.9687 0.9386 R? 0.8213 0.8719 0.7753
Elovich a 2.5862 2.6657 3.2207 Tempkin Qge 46.3075 49.1539 49.7160
b 0.0871 0.0650 0.0601 bee 0.4774 0.6464 1.0397
R? 0.9637 0.9853 0.9713 R? 0.9131 0.9561 0.9007
W&M ks 2.0755 2.9233 3.2896
R? 0.3519 0.8822 0.8859

adsorption (Li et al., 2024a).

The adsorption behavior and capacity of MgO-BC-2 for PO3 were
rigorously evaluated through adsorption isotherms, employing the
Langmuir, Freundlich, and Tempkin models. Fig. 2h-j and Table 2
demonstrate that the Freundlich heterogeneity parameter (1/n) quan-
tifies the binding affinity between MgO-BC-2’s active sites and phos-
phate species (Liang et al., 2021). The Freundlich constant K¢ defines the
adsorption capability of the material. Table 2 shows that the 1/n value
for MgO-BC-2 exceeds 1, suggesting effective PO3" removal. Further-
more, the b, value derived from the Temkin equation is utilized to
categorize the adsorption type. In the present study, the adsorption of
PO onto MgO-BC-2 seems to be of a physical nature, as evidenced by
the b; values that are lower than 4200 J/mol. The findings verified that
the isotherms adhered to the Langmuir model, implying that the
adsorption of PO; by MgO-BC-2 mainly consists of homogeneous and
monolayer processes. The equilibrium constant k; represents the in-
tensity of the adsorption process, where a greater k; implies a stronger
adsorption ability. At a temperature of 298 K, the k; value for the
Langmuir model is 0.0208, and it increases to 0.0423 and 0.0625 at
308 K and 318 K, respectively. The observed positive correlation be-
tween adsorption capacity and temperature indicates an endothermic
adsorption mechanism, where elevated thermal conditions promote
active site accessibility and ion mobility (Al-Ghouti and Al-Absi, 2020).
Langmuir modeling at 298 K yielded a maximum theoretical adsorption
capacity of 189.90 mg-g™' . This value surpasses the capacities of other
adsorbents documented in the literature (Table S2).

The thermodynamic feasibility of phosphate adsorption was sys-
tematically evaluated through analysis of Gibbs free energy (AG®),
enthalpy (AH®), and entropy (AS°) variations. Calculated parameters
demonstrated temperature-dependent adsorption behavior (Egs. 12, 13
and 14).

In this context, T (K) signifies the temperature measured in Kelvin. R
represents the gas constant, which has a value of 8.314 J-mol/K, and Ka
refers to the adsorption equilibrium constant, with the unit being L/mol.
The Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS°) values
characterizing the adsorption process are systematically compiled in
Table 3, providing quantitative evidence of its temperature-dependent
spontaneity and energetics. The positive AS value (39.0062 J/mol-K)
indicates that the adsorption of PO3~ on MgO-BC-2 results in an increase
the disorder or degrees of freedom. The endothermic nature of the
adsorption mechanism is confirmed by the positive enthalpy change

Table 3
Thermodynamic parameters for the adsorption of MgO-BC-2.
T(K) LangmuirVan’t Hoff AGO(KJ/ AHO(KJ/ AS°/
equation mol) mol) mol-K)
Qm(mg/g) Ka(L/mg)
298 189.8998 114.8872 5.3610 16.9330 39.0062
308 202.7459 152.9328  4.8084 16.9330 39.0062
318 218.3569 176.3360  4.5881 16.9330 39.0062

(AH = 16.9330 kJ-mol™). Gibbs free energy values (AG®) at 298 K,
308K, and 318K were calculated as 5.3610, 4.8084, and
4.5881 kJ-mol™!, respectively. The declining AG® values with rising
temperature imply thermodynamic favorability under elevated thermal
conditions, attributed to enhanced entropy-driven effects. FTIR, XRD
and XPS characterization post-adsorption elucidate the mechanism
behind PO3" adsorption onto MgO-BC-2. As depicted in Fig. 2k, The FTIR
spectra display notable changes in the peaks at 3700 cm’,
2700-2800 cm ™!, 1400-1600 cm™!, and 500-800 cm™!. These peaks
correspond respectively to the -OH, C-H—=C, C=0/C—=C, and Mg-O
functional groups. Such changes validate the participation of multiple
functional groups in the adsorption process. Significantly, substantial
fluctuations in the C—=0/C—C and Mg—O peaks emphasize their
importance as the main reaction sites. Moreover, the displacements of
the -OH and C-H—C peaks imply their possible contribution to the
reduction of PO3". It has been extensively reported that -OH and C-H—=C
can adsorb PO%’ via complexation reactions (Pradhan and Punji, 2024).
The XRD patterns of MgO-BC-P,q4s within the 20 range from 10° to 85°
are presented in Fig. 2. Unlike the typical amorphous structure of
MgO-BC-2, the pattern of MgO-BC-P,qs features clear crystalline peaks at
20 = 15.95°, 16.42°, 20.93°, 21.54°, 27.35°, 30.81°, and 33.22°. These
peaks can be assigned to the (020), (011), (111), (021), (130), (211), and
(022) planes of the crystal structure of KMgPO4-6 H20 (JCPDS card No.
35-0812), which is consistent with previous research findings (Gardner
et al., 2021). XPS analysis (Fig. 2m) further corroborates these findings,
revealing new photoelectron peaks corresponding to P 2p at 137.8 eV,
indicating the binding of PO} to the surface of MgO-BC-2. The endo-
thermic nature of the adsorption mechanism is confirmed by the positive
enthalpy change (AH = 16.9330 kJ-mol™). Gibbs free energy values
(AG®°) at 298 K, 308 K, and 318 K were calculated as 5.3610, 4.8084,
and 4.5881 kJ-mol™' , respectively. The declining AG® values with rising
temperature imply thermodynamic favorability under elevated thermal
conditions, attributed to enhanced entropy-driven effects. The O 1s
spectra displayed a peak at 532.2 eV, associated with oxygen bonded to
-C-O-. Following the adsorption of PO3, the area ratios of the overall
oxygen groups rose from 23.28 % to 25.39 %. This increase suggests
more robust interactions among the oxygen-containing functional
groups. The Mg 1 s and P 2p spectra showed single peak, Mg native
oxide (1304.5 eV, 11.1 %) and metal phosphate (133.0 eV, 2.48 %).
After the adsorption of PO, the peak area ratios of the overall Mg
groups dropped from 12.84 % to 11.1 %. These XPS results com-
plemented FTIR findings, indicating a significant reduction in Mg native
oxide after adsorption, suggesting that the interaction between PO3 and
the MgO crystal through complexation reactions plays a crucial role in
facilitating PO}~ adsorption, likely through adsorption/precipitation.
The SEM-EDS elemental mapping further supports these findings,
showing a distribution of phosphorus that closely matches that of Mg
and O, confirming Mg and O are the primary adsorption sites (Fig. S7).

Kinetic models suggested that diffusion serves as the predominant
mechanism that controls the transport of PO onto the adsorbent
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material. Langmuir models posited that monolayer chemisorption rep-
resents the main process facilitating the removal of PO; by MgO-BC-2.
The adsorption of PO3 onto MgO-BC-2 is primarily controlled by
physicochemical interactions, with pore filling and surface precipitation
playing key factors. The MgO-BC-2 adsorbent exhibited a notably
greater adsorption capacity when compared to other adsorbents. This
phenomenon can be ascribed to the larger quantity of accessible pores
and Mg?* ions present in MgO-BC-2. These components enhance ion
exchange, interactions among functional groups, and complex precipi-
tation processes. As Xi et al. observed, in a phosphate solution with a pH
value ranging from 3 to 7, PO%‘ is the dominant species (Biswas et al.,
2024). The observed electron transfer mechanism between MgO-BC-2
and adsorbate species likely facilitates chemisorption. FTIR and XPS
characterizations revealed enhanced oxygen-containing functional
groups on MgO-BC-2, which promote phosphate (PO.*") binding via
electrostatic interactions due to the augmented density of surface-active
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sites (Li et al., 2022b). The presence of metallic ions facilitates phys-
isorption, metal-ligand complexation, and pore entrapment of adsor-
bates (Ambaye et al., 2021). Jiang et al. observed that
magnesium-modified cassava straw and banana straw biochars exhibi-
ted high saturated adsorption capacities (31.15 mg/g, TP), which were
attributed to their elevated magnesium content and increased pore
volume. The adsorption mechanisms in that scenario encompass surface
electrostatic attraction, the precipitation of Mg?* ions, and complexa-
tion with surface hydroxyl groups (Jiang et al., 2019). Consequently,
this method is anticipated to remarkably enhance the accessibility of
active sites for the binding of PO?{ ions to the surfaces of adsorbents,
particularly under neutral pH conditions.

3.3. Effect of adsorbents on phosphorus desorption

To investigate the phosphorus release mechanism of MgO-BC-P,g4s,
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desorption kinetic data of PO3~ were analyzed using four kinetic models
(Fig. 3a), the zero-order model (Eq. 9), the first-order model (Eq. 2), the
Ritger-Peppas model (Eq. 10), and the Higuchi model (Eq. 11) (Luo et al.,
2024). The corresponding kinetic parameters, including the determi-
nation coefficient (R?) and root mean squared error (RMSE), are pre-
sented in Table S3. The Ritger-Peppas model showed the highest R? value
of 0.9443, with an SSR value of 11.1787. These results suggest that the
Ritger-Peppas model provides the best fit for describing phosphorus
release from MgO-BC-P,4s in water. The release mechanism can be
classified based on the exponent n. When n < 0.45, Fickian diffusion
predominates, while 0.45 <n < 0.89 indicates non-Fickian diffusion,
involving both nutrient diffusion and skeletal dissolution. For n > 0.89,
phosphorus release slows, with skeletal dissolution being the dominant
mechanism (Gao et al., 2023). The calculated n value for phosphorus
release from MgO-BC-P,4s was 0.4023, indicating Fickian diffusion,
where POJ diffuses from areas of higher to lower concentration. This
finding supports predictions of PO3 dispersion and dilution in the
environment. Additionally, the desorption rate determined by the
first-order kinetic model was 5.9585 mg/g, corresponding to a desorption
rate of approximately 6.00 %, suggesting that physicochemical in-
teractions are important in controlling PO%’ released from MgO-BC-Pyqs.
As depicted in Fig. 3b, phosphorus release occurs in two distinct stages.
The first stage is rapid, characterized by a steep release rate, followed by
a slower, gentler second stage in which phosphorus release nearly
ceases. These observations are in accordance with the findings of Li et al.
regarding the release of nitrogen and phosphorus from certain
slow-release fertilizers (Li et al., 2022a).

Fig. 3c displays the XPS spectra of C1s, 0O 1s, Mg 1s, and P 2p of
MgO-BC-Pges. Compared with MgO-BC-P,q4s, the phosphate content in
MgO-BC-Pgcs decreased from 2.48 % to 1.55 %, indicating the dissolu-
tion of surface magnesium phosphate complexes. Simultaneously, the
relative content of the native Mg oxide decreased marginally from
11.1 % to 8.49 %. These findings demonstrate the biochar carrier’s role
in mediating Mg?* ion release. The chemical state distributions of C 1 s
and O 1s for MgO-BC-2, MgO-BC-P,4s, and MgO-BC-Pg4s, quantified
through XPS atomic percentages, are systematically compared in
Table S4. When compared to MgO-BC-P,g4s, the proportions of the C-C, C-
O-C, and n-n groups in MgO-BC-Pges increased from 12.82 % to 14.46 %,
from 0.78 % to 0.83 %, and from 0.30 % to 2.09 %, respectively. The
reduction in the percentage of -C-O-C functional groups from 25.39 % to
23.40 % indicates the stability of the biochar and suggests enhanced
oxidation resistance of MgO-BC-P,4s after Mg and P loading. This
alteration in the oxygen-containing carbon groups reflects the material’s
ability to maintain structural integrity under oxidative conditions,
thereby improving its performance in adsorption processes (Yang et al.,
2016). Fig. 3d delineates the evolution of surface functional groups in
MgO-BC-Pg4es. Comparative spectral analysis revealed a marked attenu-
ation of characteristic peaks at 570.19 cm™ (Mg-O vibration),
1006.13 cm™ (P-O stretching), and 1435.94 cm™ (C-O/C—=O0 bonding)
relative to MgO-BC-P,qs, suggesting phosphate-induced stabilization of
reactive surface sites. This phenomenon can be ascribed to the pro-
gressive dissolution of the surface magnesium phosphate crystals. The
vibrational signature of Mg-O bonds in MgO-BC-Pges exhibited pro-
gressive attenuation concurrent with phosphate desorption. This phe-
nomenon aligns with the dissolution-enhancement mechanism reported
by Yao et al. (Yao et al., 2013), where coexisting PO.®> -~ and HPO4"
species facilitate Mg?* liberation via soluble complex formation, despite
MgO’s inherent thermodynamic stability in aqueous environments.
Furthermore, the FTIR results revealed that there were no notable al-
terations in the aromatic C=H groups, nor was there the formation of
new oxygen-containing groups in MgO-BC-Pg4es when compared to
MgO-BC-P,ags. These findings imply that the improvements in the
oxidation resistance of MgO-BC-P,qs mainly stemmed from: (1) the
reduction of oxygen-containing carbon groups due to magnesium
modification, and (2) the creation of a compact antioxidative barrier
made up of MgO and Mg—P precipitates. This barrier avoids
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interference with the initial crystallization process and prolongs the
slow-release period of MgO-BC-P,4s during soil applications. The crystal
phase composition of MgO-BC-P4es was determined via XRD (Fig. 3e),
showing typical peaks corresponding to the MgO crystal planes (200)
and (220) (20=42.92° and 62.30°). The diffraction peak associated with
KMgPO4-6 H,0 (JCPDS card No. 35-0812) disappeared in MgO-BC-Pges,
indicating successful POY desorption from MgO-BC-P,4s. The XRD peaks
observed at 20 = 23.89° and 38.55° correspond to Mg»SiO4 (JCPDS No.
34-0189), indicating complex interfacial interactions within MgO-BC--
P.4s, a finding corroborated by XPS data.

The persistence of MgO-BC-P,q; in terrestrial systems is governed by
both its inherent dissolution kinetics and colloidal stability mediated
through soil matrix interactions (e.g., cation exchange capacity, organic
matter complexation). Fig. 3f-g illustrates changes in phosphate con-
centration in leachate. The application of both CF and MgO-BC-P,q;s
significantly increased the phosphate content in the soil compared to CK,
suggesting that MgO-BC-P,q; is a promising agricultural phosphate fer-
tilizer. The CF group exhibited extremely high PO3" release from 7 to 21
days, peaking at 44.25 mg on day 21. The sharp release was attributed to
the high solubility of superphosphate and its lack of slow-release prop-
erties (Pang et al., 2018). Following this initial surge, a more gradual
phosphate release occurred between days 28 and 35. In contrast, the
MgO-BC-P,q4s group demonstrated consistent slow-release performance,
with PO} release ranging from 15.10 to 24.40 mg over the entire 35-day
leaching experiment. The increasing release of PO3 over time can be
attributed to the breakdown of biochar in the soil, which aligns with the
phosphorus demand pattern for crop growth. Additionally, the distri-
bution of PO%‘ in the soil was more uniform in the MgO-BC-P,q4s group, as
evidenced by the fractional analysis of the leaching solution. Mecha-
nistic studies have established that biochar-fertilizer composites regu-
late soil hydraulic properties through microstructural modification of
capillary pore networks. This pore-architecture optimization effect, as
evidenced by Razzaghi et al. and Das & Ghosh, creates metastable water
reservoirs in interparticle voids through enhanced matric potential
gradients and surface wettability modulation (Das and Ghosh, 2024;
Razzaghi et al., 2020). Consequently, MgO-BC-P,4s can reduce the vol-
ume of leachate, limiting nutrient transport. The Chinese national
standard GB/T 23348-2009 establishes guidelines for slow-release fer-
tilizers, specifying that at 25 °C, the nutrient release rate should not
exceed 15 % within 24 h and 75 % within 28 days. These thresholds are
designed to regulate the controlled release of nutrients, ensuring that
fertilizers do not release too quickly, which could lead to nutrient loss or
environmental issues such as eutrophication. The rationale behind these
percentages likely considers the solubility of nutrients and the optimal
absorption rates by plants. Consequently, the MgO-BC-P,4qs complies
with these standards, showcasing remarkable slow-release performance.
These results highlight MgO-BC-P,q4s as a potential slow-release fertil-
izer, offering substantial promise for enhancing agricultural productiv-
ity and crop yields.

3.4. Crop growth

Phytoavailability assessments of MgO-BC-P,4s composites were
conducted through standardized pot experiments, quantifying nutrient
release kinetics and plant uptake efficiency under simulated agronomic
conditions. As shown in Table 4, Fig. 4a, and Fig. S8, all fertilization
treatments significantly enhanced the yield of bok choy. Significantly,
when compared with the CK group, the CF group under the standard
dosage showed the most substantial increase in yield. The dry weight,
leaf length, and leaf number increased by 131.58 %, 14.37 %, and
57.24 %, respectively, at harvest, with these differences being statisti-
cally significant (p < 0.05). Similarly, MgO-BC-P,4s demonstrated yield-
enhancing effects comparable to those of superphosphate, suggesting
that MgO-BC-P,g4s can achieve efficiencies comparable to traditional
fertilizers. However, the onset of these increases was delayed. In
destructive tests conducted on days 7 and 14, MgO-BC-P,4s did not
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Table 4

Correlation index at 35 days of growth at different experimental conditions.

CK CF MgO-BC-P,qs

Fresh weight (g) 2.92 £ 0.04 6.73 £ 2.04 8.10 + 0.87
Dry weight (g) 0.38 £ 0.01 0.62 £0.12 0.88 + 0.06
Leaf length (cm) 8.07 + 1.40 9.73 £ 0.83 9.23 + 0.40
Blade width (cm) 4.10 £ 0.67 5.47 £0.17 5.17 £ 0.29
Number of blades 7.00 £ 2.16 8.33 £ 2.05 11.00 £+ 1.41
Stem length (cm) 5.80 + 0.14 10.57 + 0.52 9.70 + 0.62
Root length (cm) 12.90 £+ 2.25 15.60 + 2.93 23.75 + 5.50
Root surface area (sz) 2.65 £ 0.14 2.16 £ 0.07 3.81+0.8
Root area (cmz) 0.85 + 0.05 0.69 + 0.02 1.21 +0.03
Root volume (cm®) 0.05 + 0.004 0.03 + 0.002 0.05 + 0.009
Number of apexes 132.67 +12.26 209.33 + 30.58 295.33 +£7.99
Root bifurcation number 88.67 + 4.19 91.00 + 2.22 127.00 + 4.60
Root crossing number 6.33 £ 0.48 5.33 £0.311 10.67 + 0.52

outperform the CK group and even resulted in delayed germination
(Table S5). This is consistent with previous studies, where the rapid
release of PO%’ from MgO-BC-P,g4s induced early-stage osmotic stress,
including soil acidification and elevated EC, both of which delayed seed
germination and growth (Li et al., 2022a). Despite this delay in germi-
nation by 2 and 3 days due to nutritional competition, the excellent
slow-release performance of MgO-BC-P,qs compensated for this initial
disadvantage. Between days 14 and 35, the MgO-BC-P,qs group
demonstrated enhanced growth rates and greater yields when compared
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to the CK group. At the time of harvest, the dry weight, leaf length, and
number of leaves increased by 131.58 %, 14.37 %, and 57.14 %,
respectively (p < 0.05).

The concentrations of available phosphorus (AP), total organic car-
bon (TOC), and dissolved organic carbon (DOC and 72.59 mg/kg,
respectively). However, AP levels in the rhizosphere soil declined
rapidly after day 14, dropping to 33.19, 28.37, 24.85 mg/kg on subse-
quent days, with a similar trend observed in the non-rhizosphere soil
(27.76, 30.59, and 30.67 mg/kg). This decrease is attributed to the
prolonged use of conventional phosphorus fertilizers, which contribute
to soil crusting, phosphorus leaching, and nutrient wastage, exacer-
bating phosphorus depletion and water pollution. In contrast, the MgO-
BC-P,gs improved soil structure and replenished organic matter and
phosphorus, maintaining AP levels consistently above the optimal
threshold. The bok choy growth peaked between days 14 and 21,
leading to a decrease in AP concentrations across all groups (CK, CF, and
MgO-BC-P,q4s groups). However, the slow-release properties of MgO-BC-
P,4s mitigates ensured an adequate and continuous supply of AP,
effectively meeting the nutritional demands of bok choy. In conclusion,
MgO-BC-P,q;s alleviates the constraints of conventional phosphorus fer-
tilizers. It achieves this by supplying a balanced and continuous nutrient
delivery during the entire crop growth cycle (Bhandari et al., 2023), thus
presenting an innovative method for phosphorus fertilization, and
available potassium (AK) were monitored to evaluate nutrient release
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Fig. 4. Plant growth diagram (a). Change of available phosphorus content in rhizosphere soil (b) and non-rhizosphere soil (c). Changes of TOC, DOC, AK and Mg
contents between rhizosphere soil and non-rhizosphere soil (d). Root scan of bok choy in different treatment groups (e-g).
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and availability following the application of superphosphate and
MgO-BC-P,q; into the soil, as shown in Fig. 4b-c and Table S6. The AP
content in both rhizosphere and non-rhizosphere soil of the CF group
peaked on the day 14 (74.62 mg/kg).

The influence of fertilization on DOC in soil is illustrated in Fig. 4d.
Fertilization, particularly with MgO-BC-P,gs, led to a notable increase in
DOC levels in the soil. Specifically, the DOC level rose by 46.62 % and
31.97 % in the rhizosphere and non-rhizosphere soil, respectively. This
increase can be primarily attributed to the substantial carbon content in
the biochar. In particular, the unique hierarchical micropore-mesopore-
macropore structure of MgO-BC-P,q4s plays a key role in carbon fixation,
facilitating the adsorption of carbon in the soil, thus transforming MgO-
BC-P,4s into an effective medium for carbon storage (Xiao et al., 2018).
Consequently, MgO-BC-P,4s caused the most pronounced increase in
DOC levels. However, it did not significantly impact TOC content in the
soil, likely due to the reduced carbon retention capacity of biochar after
pyrolysis at 750 °C.

The MgO-BC-P,gs also positively influenced the release of AK in the
soil. Compared to the CK group, the concentrations of AK in soil treated
with MgO-BC-P,4s increased by 31.69 % and 43.87 % in the rhizosphere
and non-rhizosphere soil, respectively (P < 0.05). Previous studies have
shown that biochar can enhance potassium retention within its struc-
ture, thereby increasing the availability of potassium for plants uptake
(Bilias et al., 2023; Li et al., 2024b). The mechanisms behind include
increased potassium retention due to the high cation exchange capacity,
porosity, and specific surface area of biochar, as well as the direct supply
of potassium through K-rich biochar produced by specialized tech-
niques. Thus, MgO-BC-P,qs proves to be a viable source of potassium for
crops, offering both agronomic and economic benefits. Additionally,
MgO-BC-P,; releases significant amounts of Mg?" into the soil (79.03 —
143.73 mg/kg), which positively affects the chlorophyll content of bok
choy and promotes seeding growth. Co-loading MgO and phosphate
species within the biochar framework establishes synergistic in-
teractions that concurrently boost carbon stabilization and fertilizer
utilization. MgO-BC-P,q4s optimizes fertilizer preservation through three
pathways: (1) ameliorating soil physicochemical characteristics, (2)
stimulating microbial metabolism, and (3) prolonging phosphate
bioavailability. This integrated mechanism compensates inherent
nutrient limitations in pristine biochar while elevating agricultural
productivity through controlled nutrient release kinetics. To further
evaluate the impact of MgO-BC-P,4s on bok choy growth, we quantita-
tively measured root development. As shown in Fig. 4e-g and Table 4,
MgO-BC-P,gs significantly enhance the total root length and root surface
area of bok choy compared to the CK and CF groups, with root lengths
reaching 23.75 cm, and surface areas up to 3.81 cm? Roots perform
critical functions, such as anchoring plant and absorbing and trans-
porting nutrients and water. The application of MgO-BC-P,qs increased
the total root length, root volume, and root dry weight of bok choy,
thereby expanding the active absorption area and improving the effi-
ciency of resource utilization. This improvement is attributed to the
impact of MgO-BC-P,qs on soil pore volume, structure, rhizosphere soil
microbial properties, and the migration of secondary metabolites, all of
which influence root growth.

A growing body of research highlights the importance of selecting
appropriate modification technologies to ensure the environmental
sustainability of fertilizers. An et al. engineered a coated biochar-
fertilizer composite through synergistic pyrolysis-coating methods,
achieving sustained phosphate release (1.14 g/L) with 35.21 % miner-
alization over 60 days (An et al., 2021). Nevertheless, the required
polysaccharide binders (sodium alginate/starch/cellulose) introduce
exogenous polymers that alter soil matrix composition. Additionally, the
interactions between controlled-release fertilizers and soil nutrients,
microorganisms, and moisture are intricate, influencing the distribution,
release, and transformation of these fertilizers in the soil. Phosphorus
mobilization in biochar-fertilizer systems was augmented by Liu et al.
via phosphate-solubilizing microbial inoculation, though this
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biostimulation strategy induces perturbations in indigenous microbial
communities (Liu et al., 2023). Yu et al. developed biomass-clay
co-pyrolysis methodology yielding structurally stabilized biochar,
though multistep fabrication protocols limit industrial scalability (Yu
et al., 2021). The chemical foaming technology to produce MgO-BC,
effectively addresses these challenges, aligning with circular economy
principles and sustainable agriculture by enhancing resource, reducing
environmental impact utilization, and improving soil health.

3.5. Potential risks and practical limitations for field application

This study innovatively developed a "chemical foaming method" for
preparing magnesium oxide-modified biochar (MgO-BC). By utilizing
the spontaneous CO: release during Mg(HCOs)2 pyrolysis, we simulta-
neously achieved optimization of the material’s pore structure and
uniform dispersion of MgO nanoparticles, effectively overcoming the
long-standing challenge of coordinating "metal loading" with "pore
regulation" in conventional modification methods. Compared with
traditional impregnation methods, this approach avoids pore blockage
and MgO agglomeration caused by using large anion salts, while
obtaining high specific surface area materials without requiring addi-
tional activating agents. Experimental results demonstrate that the
prepared MgO-BC exhibits a PO adsorption capacity of 189.90 mg/g,
representing a 169 % improvement over conventional MgCl-modified
biochar (Chen et al., 2023). Relative to existing technologies such as
ball-milling for nano-MgO preparation or microwave-hydrothermal
synthesis of ternary composites, our method accomplishes both spon-
taneous pore creation and nano-confinement effects through a one-step
pyrolysis process. Importantly, the entire preparation procedure gen-
erates no toxic byproducts, better aligning with the principles of green
chemistry and circular agriculture. This breakthrough not only signifi-
cantly enhances material performance but also provides an environ-
mentally sustainable pathway for large-scale production of functional
biochar materials.

While this study has demonstrated the technical feasibility of MgO-
BC for phosphate recovery and slow-release fertilizer applications, we
must acknowledge several crucial limitations regarding real-world
wastewater treatment and agricultural implementation.

The current research, conducted under simulated wastewater con-
ditions, revealed the modified biochar’s high-capacity phosphate
adsorption characteristics. However, in practical applications, the
presence of high concentrations of heavy metal cations (e.g., Cd**, Pb*)
in actual wastewater may compete for adsorption sites through ion ex-
change or coprecipitation mechanisms. Furthermore, long-term field
application may introduce additional complexities, as soil acidification
and root exudates could potentially alter heavy metal speciation and
mobility, leading to unforeseen release risks.

Regarding potential secondary pollution from recycled products, it is
important to note that our pot experiments employed simulated
desorption solutions to prepare slow-release fertilizers. While this
approach effectively isolated the fertilizer’s nutrient delivery function
from potential contaminant inputs, it does not fully represent scenarios
where phosphate-laden biochar solids recovered from actual livestock
wastewater are directly applied to agricultural fields.

A particularly significant knowledge gap exists concerning the fate of
antibiotics present in livestock wastewater. Our current study has not
systematically evaluated the potential transmission risks of these con-
taminants (including antibiotics and their transformation products) in
soil-crop systems. This represents a critical dimension that must be
addressed in future risk assessments to ensure the technology’s envi-
ronmental safety and practical viability. These considerations will be
essential for developing comprehensive guidelines for field application
and establishing appropriate regulatory frameworks.
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4. Conclusion

The synthesis of MgO-BC utilized an innovative foaming synthesis
protocol, where maize stalk provided the carbon matrix while magne-
sium bicarbonate served dual functions as porogen and magnesium
donor. This methodology concurrently resolves dual environmental
challenges: aquatic phosphate contamination and phosphate rock
depletion. The MgO-BC demonstrated a substantial phosphorus
adsorption capacity, with a maximum theoretical value of 189.90 mg/g,
highlighting its effectiveness in capturing phosphorus from wastewater.
Pseudo-second-order kinetics optimally modeled the adsorption chro-
nology, demonstrating process control through chemisorption mecha-
nisms involving biochar surface charge attraction (electrostatic) and
ligand-exchange coordination. Field and laboratory tests confirmed
that MgO-BC is capable of releasing the absorbed phosphorus into the
soil. Kinetic profiling elucidated that MgO-BC-P,qs’ sustained nutrient
release originates from two coupled processes: (1) magnesium-
phosphate phase dissolution and (2) biochar-mediated desorption via
hierarchical porosity. This two-stage liberation pathway leads to im-
provements in bok choy root architecture metrics (length, volume,
biomass accumulation) compared to control groups. Beyond its agri-
cultural benefits, MgO-BC also contributes to sustainable agricultural
practices and integrated waste management by converting waste
biomass into a valuable resource. This method underscores the potential
of MgO-BC as a sustainable solution, offering a practical application for
waste biomass that aligns with environmental sustainability goals and
enhances agricultural productivity. The findings emphasize the viability
of MgO-BC in creating a circular economy pathway, termed biomass to
biochar to biofertilizer, which significantly reduces the environmental
footprint associated with conventional phosphorus fertilizers.
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