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Abstract

Organic phosphorus can cause environmental pollution easily through leaching in natural systems. Here, calcium-
modified biochar was prepared to adsorb inositol hexaphosphate (IHP), glycerophosphoric acid (GP), D-glucose
6-phosphate (G6P), and adenine nucleoside triphosphate (ATP), and the impacts of their molecular structures were
explored via batch experiments, characterizations, and theoretical calculations. The adsorption of ATP occurred
mainly through hydrogen bonding and electrostatic interactions, while that of the others took place through chemi-
cal precipitation, where calcium-based active sites functioned and maintained the adsorption stability in different
environments. Further, the time-of-flight secondary ion mass spectrometry confirmed the roles of P groups and car-
bon chains through P-related and CN™ signals. With more reactive P groups (P1,3 and P4,6) and lower molecular
electrostatic potentials, IHP achieved significantly higher adsorption (292.1 mg P g™') although its adsorption energy
for a single P group was not optimized. As for GP, G6P, and ATP, the surface occupation by carbon chains became
visually prominent. The desorption results showed that released OPs ranged from 20% to 80%, and the adsorption
via multiple P groups reduced the desorption of IHP and ATP under different conditions. These results highlight

the importance of biochar for OPs’ utilization, emphasize the necessity of multi-method sets, and elucidate the molec-
ular mechanisms of interactions.

Highlights

- Phosphate groups and carbon chains jointly determined adsorption mechanisms.

«+ Chemical precipitation dominated the adsorption of IHP, GP and G6P, while hydrogen bonds and electrostatic
interactions functioned for ATP.

- Calcium modification enhanced adsorption capacity in different environments.

Keywords Organic phosphorus, Calcium-modified biochar, Phosphate groups, Carbon chains, Adsorption-
desorption mechanisms
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Differential adsorption and
desorption behavior of OPs

1 Introduction

Phosphorus (P) fertilizers, including the forms of inor-
ganic P (IP) and organic P (OP), have been over-applied
to meet production needs, which heightenes environ-
mental risks to adjacent water bodies (Schindler et al.
2016). Ideally, the imported P could remain in soil and
continue to mineralize effectively. However, studies
have shown that P loss caused by soil erosion and run-
off can reach up to 46% of mined P globally (Rittmann
et al. 2011). The portion left in soil is firmly adsorbed
by minerals or metal ions, further reducing the P supply
capacity (Gerke 2015). Hence, controlling P loss while
achieving efficient utilization has gradually become a hot
topic in green development globally. In this regard, bio-
char has already stood out among various amendments
for its excellent adsorption and release capabilities, and
outstanding ecological benefits. Nevertheless, most
attempts have been centered on IPs with relatively less
attention paid to OPs, although OPs account for 37-73%
in fertilizer, and the natural OPs contribute 10-30% of
total phosphorus inputs to rivers (Sun et al. 2022). In
addition, existing studies focus on comparing adsorption
capacities of minerals and modified biochar for IPs and
different OPs, while the mechanistic exploration remains
superficial, predominantly limited to OPs’ molecular
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weight (MW) and polarity (Yuan et al. 2023; Yan et al.
2014a). This gap poses a significant challenge for fully
understanding the prospect of biochar in P management.

Different from IPs, OPs have more complex and diverse
forms and structures (Wang et al. 2022). Both P groups
and carbon chain structures of OPs may be involved in
adsorption—desorption processes. However, there is still
a gap in understanding the combined effect of them, as
previous studies mainly focused on the roles of P group
polarity and MW (Yan et al. 2014a). Therefore, recogniz-
ing the actual effects of biochar on OPs is inseparable
from our research on different kinds of OPs. According
to the literature, we selected four types of OPs to con-
duct a comparative study, including IHP, GP, G6P, and
ATP. These OPs are dominant contributors to enhanc-
ing P availability in soil and are deeply involved in the
growth of organisms, including the construction of
biofilm, transmission of signals, and transfer of energy
(Turner et al. 2005). IHP, the main organic P form in soil,
has drawn considerable research attention (Gerke 2015).
Although the contents of GP, G6P, and ATP are relatively
lower than that of IHP, their distinct structural traits may
also be linked to their fates in soil (Turner et al. 2005;
Manghi et al. 2021). Preliminary studies have shown that
the adsorption and leaching of OPs are related to the
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soil’s P retention capacity and P groups of Ops (McDow-
ell et al. 2021). In soil with high P adsorption capacity,
OPs are strongly adsorbed and have low bio-availability.
Conversely, the leaching of OPs is significant in soils
with low P adsorption capacity, where IHP leached less
with multiple P groups and other compounds produced
higher leaching rates even than IPs due to insufficient
adsorption (Andersson et al. 2013). After leaching, their
high bio-availability could cause serious P pollution in
waterbodies. Thus, these processes should also be incor-
porated into the risk assessment and governance of P
pollution, while the specific mechanisms by which bio-
char functions still needs further exploration.

Based on the above understanding, we speculated that
these OPs would undergo different adsorption and des-
orption behaviors with biochar. The rapid development
of molecular science and cutting-edge model comput-
ing technology has created conditions for us to clarify
this speculation at the molecular level. Considering the P
adsorption capacity and environmental benefit, this study
explored the adsorption mechanism between calcium-
modified biochar and OPs. Specifically, calcium modi-
fication could introduce calcium-based active sites and
regulate surface potential, effectively solving the prob-
lems of low adsorption capacity and easy desorption of
unmodified biochar. Secondly, calcium-modified biochar
utilizes agricultural waste, achieving a green cycle among
waste, functional materials and pollutant treatment (Li
et al. 2023; Khedulkar et al. 2023). Moreover, calcium-
modified biochar exhibits strong selective adsorption
for OPs and wide remediation capabilities for soil, such
as alleviating soil pH, which renders it highly significant
for both risk mitigation and environmental restoration
(Singh et al. 2023).

In this study, we chose corn straw and eggshell as raw
materials to prepare calcium-modified biochar, stud-
ied the adsorption—desorption mechanisms of IHP, GP,
G6P and ATP on calcium-modified biochar, and further
explored the influence of environmental factors (co-exist-
ing ions, ionic strength and pH) on adsorption and des-
orption behaviors.

The aim was to systematically clarify the intrinsic
mechanism between calcium-modified biochar and OP
at the molecular level and evaluate its application poten-
tial. Our core hypothesis was that active calcium sites
of calcium-modified biochar achieved efficient adsorp-
tion and stable fixation of OP in complex environments
through multiple mechanisms such as hydrogen bonds,
electrostatic interaction, and chemical precipitation. The
structures of OPs would affect the relative contribution of
these mechanisms to adsorption. The results showed that
calcium-modified biochar exhibited excellent adsorp-
tion capacity within a wide range of OPs concentrations
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compared to unmodified biochar. The adsorption and
desorption process was affected by environmental fac-
tors, but remained stable to a certain extent due to the
stronger interactions between OPs and calcium-mod-
ified biochar. As we emphasized, the molecular mor-
phology of OPs, including P groups and carbon chains,
played an important role in the adsorption and desorp-
tion processes, leading to the emergence of different
adsorption and desorption rates. At the molecular level,
these findings deepen our mechanistic understanding
of OPs adsorption on calcium-modified biochar. More
importantly, these insights could strengthen the scien-
tific basis for optimizing biochar-based technologies in
environmental P remediation and sustainable P resource
recovery, thereby addressing global P scarcity and water
eutrophication challenges.

2 Materials and methods

2.1 Materials and chemicals

The corn straw and eggshell were washed with Milli-Q
water, dried at 70 ‘C, ground and sieved through a 100-
mesh sieve. IHP, GP, G6P, and ATP were purchased from
Sigma-Aldrich, Aladdin Chemicals Co., Ltd (Shanghai,
China), Acmec Chemicals Co., Ltd (Shanghai, China) and
Macklin Chemicals Co., Ltd (Shanghai, China), respec-
tively. All chemical reagents were of analytical grade.

2.2 Preparation of calcium modified biochar
Calcium-modified biochar was synthesized with refer-
ence to a previous study (Li et al. 2023). Briefly, 20 g of
corn straw and eggshell powder were uniformly mixed
at a weight ratio of 1:1 by ball-milling for 24 h, which
has been proven to establish the best adsorption per-
formance for phosphate (Yang et al. 2021). The mixture
was pyrolyzed at 800 ‘C for 2 h with a heating rate of
5 °C min~! under an N, atmosphere in the tube furnace
(OTE-1200X-5S, HE-Kejing, China), with an N, flow rate
of 200 mL min~!. Although this pyrolysis temperature
(800 ‘C) might consume more energy, it was chosen to
ensure the complete decomposition of eggshell (mainly
CaCO,) and the stable structure of biochar (Cao et al.
2020). After cooling naturally, the eggshell-modified bio-
char was obtained and washed three times to remove ash,
dried at 60 ‘C, and ground to a powder evenly. This step
was critical for minimizing ash-induced pore blockage
upon subsequent use (Huang et al. 2023). The obtained
biochar was denoted as CaBC. Unmodified biochar was
prepared under the same conditions and named BC.

2.3 Batch adsorption experiments

First, we conducted adsorption experiments on both
CaBC and BC to explore the influence of calcium modi-
fication. The adsorption kinetics experiments were
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conducted in 250 mL bottles by adding 0.05 g of CaBC
and 150 mL of solutions of various OPs in triplicate
(initial concentration: 350 mg L™ pH="7) (Wang et al.
2022; Yan et al. 2014b; Wan et al. 2023), where the high
concentration was used to a avoid the occurrence of
unsaturated adsorption. The suspension was shaken at
25 C for 24 h, and then filtered through a 0.22 pm PES
membrane at different time intervals. In this process,
we determined the pH values of the solution after the
addition of CaBC and after the adsorption experiment.
The adsorption isotherms experiments were carried
out by adding 0.01 g of CaBC into 10 mL of solutions
with different initial concentrations of OPs (10-400 mg
P L™}, pH=7) in triplicate. The suspension was shaken
at 25 C for 24 h, and then filtered through a 0.22 um
PES membrane. After digestion, the P concentration
in the filtrate from adsorption kinetics and isotherms
experiments was determined by spectrophotometry
(Agostinho et al. 2016). Meanwhile, the adsorption
experiments of OPs on BC were also carried out under
the same experimental setups. Further details on the
model equations are provided in S1.

Second, the adsorption capacity of CaBC at a lower
OPs concentration was also explored in triplicate. The
initial concentration for adsorption kinetics was set
at 5 mg L™! (pH=7), and the initial concentration for
isothermal adsorption experiments was set at 1-10 mg
P L7! (pH=7) (Yan et al. 2014b; Wan et al. 2023). This
process further demonstrated the adsorption capacity
of CaBC for OPs.

Then, to study the effect of coexisting ions and ionic
strength, 1 and 10 mM of common anions and cations
(Na*, Ca®*, CI, HCO;~ and SO,*) were separately
added to the OPs solution (350 mg L™ pH=7). To
study the effect of pH, the solution of OPs was adjusted
with pH 5-8 (350 mg L™1).

2.4 Desorption experiments

The P-loaded biochar (CaBC-IHP, CaBC-GP, CaBC-G6P,
and CaBC-ATP) were filtrated from adsorption experi-
ments. Then, 0.05 g of P-loaded biochar was added into
100 mL of 0.1 M KCIl (pH=7). The suspension was
shaken at 25 ‘C for 24 h, and then filtered through a
0.22 pum PES membrane at different time intervals. The
concentration of P in the supernatant was measured
by spectrophotometry (Agostinho et al. 2016). Further
details on the model equations are provided in S2. The
effects of environmental factors (co-existing ions, pH and
ionic strength) on desorption were studied as follows:
0.1 M KCl at pH 6-8, 0.2 M KCl at pH 7, 0.05 M KCI and
0.05 M NaHCOg; at pH 7.
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2.5 Characterization, analytical and computational
methods

We uniformly characterized CaBC, CaBC-IHP, CaBC-
GP, CaBC-G6P, and CaBC-ATP as follows. The surface
area and other pore characteristics of biochar were meas-
ured with a surface area analyzer (ASAP 2460) using
the Brunauer-Emmett-Teller (BET) nitrogen adsorp-
tion method at 77 K. A scanning electron microscope
(SEM, EVO MA10) was used to analyze the morphology
and surface structure of biochar. The X ray diffraction
(XRD, Empyrean), Fourier transform infrared spectrom-
eter (FTIR, NICOLET 6700), X-ray photoelectron spec-
troscopy (XPS, Thermo Scientific K-Alpha), and zeta
potential (Malvern Zetasizer Pro) were conducted to
determine the differences in phase composition and
functional groups. The time-of-flight secondary ion mass
spectrometry (ToF—-SIMS) analysis was used to charac-
terize the molecular composition on the surface of CaBC
(S3). The solution *'P nuclear magnetic resonance (*'P
NMR) was used to investigate the adsorption mechanism
of IHP on CaBC (S4 and S5). To further visualize the
interaction between CaBC and OPs, density functional
theory (DFT) calculations were performed on the basis
of existing studies (S6) (Yin et al. 2021; Chen et al. 2023;
Huang and Hu 2020).

3 Results and discussion

3.1 Characterizations of BC and CaBC

As shown in Fig. Sla, SEM results showed that the sur-
face of CaBC formed a stable carbon fiber structure with
rich pores, which might be due to the enrichment of CO,
produced during the pyrolysis of CaCOjg (Liu et al. 2019).
At the same time, resulting calcium-based small particles
were uniformly distributed in the pores and on the sur-
face of CaBC (Fig. Sla). Compared with BC, CaBC simul-
taneously had a decrease in specific surface area and pore
volume and an increase in pore size, corresponding to
the formation of calcium-based small particles. The dif-
ferences between BC and CaBC have been described in
detail previously (Li et al. 2023). Together, these reactions
might increase the adsorption capacity of CaBC. The
nitrogen adsorption—desorption curve of CaBC belonged
to type “IV” according to the IUPAC classification (Fig.
S2a). The H3 type hysteresis loop indicated that CaBC
was mesoporous and the shape of mesopores (2-50 nm)
was that of slit pores with particle accumulation (Figs. 1a
and S2a) (Le Van and Luong Thi 2014). XRD and XPS
results showed that the deposited calcium-based active
sites were mainly Ca(OH), and CaCO; rather than
CaO (Figs. 1b—d and S4c) due to the ease of reaction of
CaO from pyrolysis with H,O and CO, (Li et al. 2023).
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Fig. 1 Pore size distribution (a), FTIR (b), XRD (c), XPS (d) analysis of CaBC, CaBC-IHP, CaBC-GP, CaBC-G6P, and CaBC-ATP; the changes of pH values
of solution in adsorption kinetics experiments (e); zeta potentials of CaBC, CaBC-IHP, CaBC-GP, CaBC-G6P and CaBC-ATP (f). All data of pH values

and zeta potentials (e, f) were recorded as the mean and standard error (SE)

The infrared spectrum of CaBC mainly consisted of the
vibration of -OH (3643 cm™), and CO32' (1432 cm™ and
876 cm™), which was in line with the results of CaBC
loaded with Ca(OH), and CaCOs (Fig. 1b, ¢) (Ni and Rat-
ner 2008). Therefore, these results indicated that calcium
modification successfully achieved calcium loading on
biochar.

3.2 Adsorption performance of OPs on BC and CaBC

The adsorption kinetics of OPs on BC and CaBC are
shown in Figs. 2a and S5a-d, and were first investi-
gated with two initial concentrations (5 and 350 mg
L7Y). The amounts of adsorbed OPs all experienced a
rapid initial increase and reached equilibrium within
5 h, where the equilibrium adsorption capacities of BC
and CaBC for OPs were both in the following trends:
IHP > GP >G6P > ATP, and with the adsorption of IHP
being much larger than that of others. Moreover, the
adsorption capacity of CaBC for OPs outperformed
most reported adsorbents, highlighting its exceptional
potential as a functional material for OPs removal. For
instance, Yan et al. (2014a, b) employed aluminium
oxides as adsorbents for these OPs, where the adsorption
capacities were merely 15% of those of CaBC, while the

variation in adsorption capacity observed aligns with the
findings of this study (Yan et al. 2014a). Moreover, lantha-
num-modified biochar, another widely studied adsorbent
for P adsorption, only exhibited 50% of the adsorption
capacities for IHP and ATP compared to CaBC’s perfor-
mance (Yuan et al. 2023).

The adsorption kinetic results were fitted by pseudo-
first-order and pseudo-second-order models and the
parameters for both were shown in Table S1, indicating
that the adsorption mechanisms were different between
adsorbents (BC and CaBC) and OPs (IHP, GP, G6P, and
ATP). The adsorption of OPs on BC (initial concentra-
tion: 350 mg L™!) and CaBC (initial concentration: 5 mg
L™!) showed the same fitting trend where the pseudo-
first-order model fitted the adsorption processes of IHP
and ATP better (R,;>>R,? Table S1), but the opposite
was true for GP and G6P (R;?<R,? Table S1). Addi-
tionally, the fitting accuracy of both models was high
(R?>0.95, Table S1), which suggested that both diffu-
sion and chemical adsorption played important roles
(Huang et al. 2014). However, the adsorption of OPs on
CaBC (initial concentration: 350 mg L) became dif-
ferent in that the adsorption of IHP, G6P and ATP was
still controlled by diffusion and chemical adsorption
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Fig. 2 Adsorption kinetics (a) and adsorption isotherm (b) models of IHP, GP, G6P, and ATP on BC and CaBC; the effects of coexisting ions and ionic
strength (c), and pH values (d) on adsorption. All data are recorded as the mean and standard error (SE)

processes (R%>0.95, Table S1), whereas the adsorption
of GP was dominated by diffusion processes (R;?> R,
Table S1), possibly related to its smaller relative molec-
ular mass. Consistently, most existing studies suggested
that the pseudo-second-order model could better fit the
adsorption process of OPs, which might be influenced
by pore sizes and site distribution of different adsorp-
tion materials (Yuan et al. 2023; Yan et al. 2014a). Fur-
thermore, the increase in initial concentrations of OPs

(from 5 to 350 mg L) clearly revealed emerging dif-
ferences in the adsorption capacity of OPs on CaBC
(Huang et al. 2014).

The effect of initial OPs concentration on the adsorp-
tion capacity of BC and CaBC is shown in Figs. 2b and
S5e-h. Increasing concentration led to the expected
increase in the adsorption capacity and decrease in
the removal efficiency for each OP (1-400 mg L™}, Fig.
S5e-h). Further isotherm adsorption models revealed
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differential adsorption of OPs on BC and CaBC. For the
adsorption of OPs on BC, the Langmuir model fitted IHP
adsorption better while the Freundlich model fitted ATP
adsorption better, and both models described GP and
G6P adsorption well (Table S2). This phenomenon likely
stemed from their molecular characteristics: IHP formed
a monolayer adsorption with uniform energy via six P
groups, ATP created multilayer adsorption through three
different P groups, nitrogenous groups, and hydroxyl
groups, while GP and G6P produced adsorption with
the only P group and hydroxyl groups, enabling multiple
outcomes. On the contrary, the Langmuir model bet-
ter fitted the adsorption of these OPs on CaBC than the
Freundlich model (Table S2), where the adsorption all
turned into a main monolayer adsorption process with
uniform energy and was controlled by the chemical reac-
tion (Koilraj and Sasaki 2017). This transformation high-
lighted the significant role of calcium modification in the
adsorption of OPs. Moreover, we further investigated
the effects of environmental factors (coexisting ions
and pH) on the adsorption of OPs. As shown in Fig. 2c,
the removal of OPs by CaBC with or without coexist-
ing ions still followed the trend: HIP >GP > G6P > ATP,
and only the coexistence of 10 mM HCO;™ significantly
decreased the removal efficiency of OPs (IHP:88.71% vs
65.42%, GP:78.04% vs 63.61%, G6P:68.53% vs 43.46%,
ATP:57.57% vs 31.04%). Similarly, the increase of pH val-
ues maintained the difference in the removal efficiency
of CaBC for OPs, but enhanced its removal efficiency
(Fig. 2d), aligning with established studies (Chen et al.
2023).

Thus, the results above suggested that CaBC had higher
adsorption capacities for OPs than BC, and the adsorp-
tion behaviors of different OPs on CaBC were con-
trolled by various mechanisms, which required in-depth
research.

3.3 Characterizations of the adsorption processes

The CaBC prepared with eggshell modification had abun-
dant calcium-based active sites (Li et al. 2023), which was
consistent with the results that the adsorption of OPs was
dominated by a chemical reaction in monolayer (Fig. 1,
Tables S1 and S2). Moreover, the adsorption could also
occur through the much weaker electrostatic interaction
between OPs and other active sites (~OH and —~COOH),
and through the diffusion process of OPs onto the pore
structures (Wu et al. 2021). Therefore, we probed more
deeply into the mechanisms of differential adsorption of
OPs on CaBC.

After the adsorption of OPs, large Ca—P flocculent pre-
cipitation appeared on CaBC (Fig. S1b—e), and the gen-
eration of precipitation led to a decrease in the porosity
and effective active sites of biochar, corresponding to
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Table 1 Surface area and pore structure of biochar samples

Samples Sger (M?g™") Veotal (cM* g71) Dgy (nm)
CaBC 182.01 0.17 3.83
CaBC-IHP 105.21 042 16.01
CaBC-GP 129.45 0.31 9.62
CaBC-G6P 103.74 0.11 4.20
CaBC-ATP 137.05 0.22 6.39

The Sger Viorar and Dgyyy are BET specific surface area, total pore volume, and
Barret-Joyner-Halenda (BJH) adsorption average pore diameter, respectively

the significant decrease in specific surface area (Sgpy) of
CaBC after the adsorption of OPs (Table 1). Comparing
the adsorption—desorption curves and pore size distri-
bution before and after adsorption (Figs. 1a and S2b—e),
we found that the adsorption of OPs increased the pore
size of CaBC. Obviously, the micropores (<2 nm) of
CaBC decreased after adsorption, while the mesopores
(2-50 nm) and macropores (>50 nm) increased (Fig. 1a).
In particular, the adsorption of IHP created a more pro-
nounced effect (Fig. S2b). Moreover, the effects of IHP
and G6P on the adsorption—desorption curves were dif-
ferent from those of GP and ATP, which was consistent
with the fitting results in Sect. 3.2, reflecting the impor-
tant role of the pore-filling mechanism generated by the
diffusion process on the adsorption of IHP and G6P (Fig.
S2b—e and Table S1, R,?>R,?, R?>0.95).

XRD and XPS results showed that Ca—P precipi-
tations including Ca(PO,), Cas(PO,);(OH), and
Ca(H,PO,),-2H,0 were generated (Figs. 1c and S4c,d)
after adsorption. The occurrence of OPs adsorption was
further evidenced by FTIR analysis. After the adsorption
of OPs, there was a significant decrease or disappearance
of the peak at 3643 cm™!, while new peaks appeared at
566 cm™', 988 cm ™!, 1033 cm ™" and 1137 cm ™" simulta-
neously (Fig. 1b), which was attributed to the depletion of
—OH and adsorption of Ops (Li et al. 2023). This process
may occur not only through Ca—P precipitations formed
by the combination of Ca—OH and OPs, but also through
electrostatic interaction or hydrogen bonding between
—COOH and OPs (Figs. 1c and S4a—c). Of both paths, cal-
cium-based active sites played a crucial role, with more
chemical adsorption of IHP and multiple Ca—P precipi-
tations (Li et al. 2023; Wang et al. 2021). Furthermore,
the Ca—O remained on CaBC after adsorption could
not be neglected based on XPS results, indicating that
electrostatic interaction and hydrogen bonding between
calcium-based active sites and OPs might have been also
instrumental during adsorption (Fig. 1c) (Dai et al. 2020).

It is worth noting that since these OPs all contained
hydroxyl structures that could undergo deprotonation,
the pH values of solutions would significantly affect
their surface charges, resulting in different adsorption
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behaviors (Habiba et al. 2022). The results showed
that the addition of CaBC remarkably increased the
pH values of solutions (Fig. 1e) and promoted the pro-
cess of deprotonation. Among them, the P groups of
GP, G6P, and ATP all underwent complete deprotona-
tion, so the Ca—P formed was mainly Cas(PO,), and
Caz(PO,);(OH) (Fig. 1c and Table S3) (Stockbridge
and Wolfenden 2009). For IHP, only three of the six P
groups underwent complete deprotonation, consist-
ent with the formation of diverse Ca—P precipitations
after adsorption (Table S3) (Torres et al. 2024). Moreo-
ver, despite the complete deprotonation of GP G6P, and
ATP, the presence of Ca(H,PO,),-2H,0 and HPO,*~
was still observed (Fig. S4c,d), which was related to the
hydrogen bonding between Ca—OH and OPs, and con-
sistent with our inference above. Figure 1f shows that
whatever the treatment, a negative zeta potential was
obtained in the studied pH range and that no isoelec-
tric point was found. In particular, the adsorption of
IHP significantly reduced the surface charge of CaBC,
which we speculated was because IHP underwent syn-
ergistic adsorption through multiple P groups, thereby
promoting the adsorption of IHP (Yan et al. 2014a).

Thus, the adsorption between OPs and active sites
on CaBC could be expressed by the following reactions
(1-5):

CaO + HoO — Ca(OH), (1)

Ca(OH), + H,O — Ca(OH),H" (2)

Ca(OH),H* +PO3~/HPO2~ — Ca(OH),H" --- PO2~/HPO?~
2 4 4 4 4

(3)
5Ca(OH), 4 3PO3~ — Cas(PO,)3(OH) | +90H™

(4)
3Ca(OH), 4+ 2PO3~ — Ca3(POy), | +60H™ (5)

The adsorption of OPs on CaBC could be divided
into two stages. The initial rapid reaction stage was
mainly controlled by ligand exchange, i.e., the substi-
tution of highly active sites on CaBC by OPs, such as
—OH groups. In the slow reaction stage, OPs adsorbed
on the surface gradually diffused into the interior of
CaBC or were converted to various surface precipita-
tions (Fig. 1). Although these adsorption processes
could occur for all OPs, the adsorption results among
them were vastly different, specifically manifested in
the influence on the physical and chemical properties
of CaBC, as well as the differences in Ca—P produced
by adsorption (Fig. 1). However, based on the charac-
terizations above, we could only recognize the differ-
ences in adsorption behaviors and capacities of the OPs
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on CaBC. t is difficult to identify the molecular basis of
such differences, especially what roles their P groups
and carbon chains play in this process, respectively.

3.4 Changes in specific signals during adsorption
Compared to traditional analytical tools, ToF-SIMS
offers high spatial resolution and surface sensitivity to
accurately identify substances based on their mass—
charge ratios (m/z) and enables the simultaneous char-
acterization of organic and inorganic components on
the surface of materials (Benninghoven 1994; Mei et al.
2022; Huang et al. 2021; Sodhi 2004). Therefore, we fur-
ther analyzed the interaction of CaBC with OPs through
ToF-SIMS, delineating both positively and negatively
charged fragments of CaBC before and after OPs adsorp-
tion (Figs. 3 and S6).

The intense signals at mass—charge (m/z) ratios of 16,
17, 39, 40, 57, 96, and 113 corresponded to O~, OH™,
C,H;*, Ca*, CaOHY, Ca,0%, and Ca,O,H*, respec-
tively (Fig. 3) (Zhao et al. 2024), which confirmed that
there were various active sites on CaBC for adsorption.
As expected, these peaks were significantly weakened
or undetectable after adsorption, and meanwhile, some
new signals corresponding to P groups and Ca-P were
detected, including PO,™ (m/z=63), PO;~ (m/z2=79), and
complex clusters such as Ca,PO* (m/z=103), Ca,PO;*
(m/z=159), and Ca,PO,* (m/z=175) (Fig. 3 and
Table S4) (Mei et al. 2022). The adsorption of IHP resulted
in a greater reduction of these sites compared with other
OPs. At the same time, various forms of Ca-P appeared,
such as Cay(PO,)" (m/z=215), Cay(PO,)O* (m/z=231),
Ca,(PO,)0O," (m/z=287), and (PO,);0~ (m/z=301) (Fig.
S6 and Table S4). Notably, after adsorption onto IHP, the
existence of multiple P adsorption was observed (Hilt
et al. 2013). Additionally, separate peaks of P groups
still existed after adsorption (Fig. 3), suggesting that the
adsorption of OPs might occur through the weaker inter-
actions between P groups and —OH of OPs molecules and
active sites on CaBC, such as electrostatic attraction and
hydrogen bonding. The decrease in O~ and OH™ sup-
ported this conclusion (Fig. 3). As a whole, these results
were consistent with the characterizations in Sect. 3.3.

Moreover, we detected an obvious peak of CN~
(m/z=26) on the spectrum of ATP adsorption by CaBC
(Fig. 3e), indicating that during adsorption, P groups
binded to active sites, while the rest of ATP remained
on the surface of CaBC, which might affect the adsorp-
tion of ATP (Finsgar 2023). This phenomenon tentatively
confirmed our suspicion that the adsorption of OPs
on CaBC actually could be affected by their molecular
properties, thereby generating differentiated adsorption
mechanisms.
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in the ToF-SIMS spectra for low-masses (m/z: 0-200)

3.5 Determination of preferable P groups of IHP
during adsorption

Uniquely, among these four OPs, IHP has multiple P
groups that exist independently. When interpreting
adsorption behavior, the P groups that participate in
adsorption preferentially need to be considered with 3'P
NMR analysis. Concretely, the changes in chemical shifts
of different P groups could give implications of their pref-
erential complexation with CaBC. Normally, the depro-
tonation of P groups or complex species would cause a
downfield shift. However, the coordination with metals,
such as the formation of inner-sphere complex, would
lead to an upfield shift due to increased shielding around
the P nucleus (Xu et al. 2021a).

The positions of peaks of a 5 mM IHP solution were
analyzed first before discussing the NMR spectra of
CaBC-IHP (Fig. 4a), where the pH value was set at 9.90.
From low to high field, the four major peaks were attrib-
uted to P5, P2, P1,3, and P4,6 (Tables S5 and S6) (Xu et al.
2021a), which corresponded to the molecular structure
of IHP in Fig. S7. The upfield and downfield shifts men-
tioned below referred to the peak shifts relative to the
corresponding peaks in Fig. 4a. In order to explain the

contribution of different P groups to complexation, we
further observed the 3P NMR spectra of CaBC-IHP at
different IHP concentrations to understand the 3'P chem-
ical shifts. As shown in Fig. 4b—d, both downfield and
upfield shifts peaks were present in P5 and P2, whereas
only upfield shifts were present in P1,3 and P4,6, and
no peaks were observed like the uncomplexed peaks in
Fig. 4a. This indicated that all six P groups of IHP under-
went different degrees of inner-sphere complexation with
CaBC (Chen et al. 2022). As the initial IHP concentra-
tion decreased (from 1.5 to 0.5 mM), the magnitude of
the positional changes and the widths of the four peaks
increased (Fig. 4b—d), which could be attributed to the
deprotonation and complexation of the P groups (Veiga
et al. 2014).

In the CaBC suspension with 1.5 mM IHP (Fig. 4b and
Table S6), the upfield shifts were observed at P2, P1,3,
and P4,6 due to inner-sphere complexation. Downfield
shifts were observed at P5, which could be attributed to
the deprotonation of P group at P5 (Xu et al. 2021a). In
the spectrum of 1 mM IHP-adsorbed CaBC (Fig. 4c and
Table S6), more small peaks were observed as a result
of inner-sphere complexation and deprotonation. The
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upfield shifts appeared at P5, P2, P1,3, and P4,6, indicat-
ing that these P groups all contributed to inner-sphere
complexation. The downfield shifts at P5 were due to the
deprotonation of P group and inner-sphere complexation
species at P5 (Ren et al. 2019). Similarly, for the spectrum
of 0.5 mM IHP-adsorbed CaBC (Fig. 4d and Table S6),
the upfield shifts were observed at P5, P2, P1,3, and P4,6,

while the downfield shifts were only observed at P2, and
P5. These results showed that there were more complex
chemical shifts because of inner-sphere complexation
and deprotonation, which might be due to the fact that
multiple P groups of IHP readily reacted with abundant
active sites on the CaBC surface at low IHP concentra-
tions (0.5 mM).
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Therefore, synthesizing our knowledge based on 3!P
NMR results (Fig. 4), P1,3 were the most reactive P
groups, followed by P4,6 and P2, while P5 appeared to be
the least reactive, which might be related to the confor-
mation of IHP and the different pKa of these P groups.
At pH 9.90, complete or partial deprotonation of the
six P groups occurred, resulting in the major species of
IHP in solution being [IP;H;]°~ with a small amount of
[IPH,]'%, and the structure of THP in the conforma-
tions of 1 axial-5 equatorial (1a5e) (Fig. S7 and Table S5)
(Xu et al. 2021a). Moreover, these protons were unstable
and predicted to form hydrogen bonding within the mol-
ecule through an internal rearrangement, influencing the
ability of P groups in adsorption (Chen et al. 2022). Spe-
cifically, for the three protons of [IPsH,]°", the one was
strongly shared by P1,3 and P2, and another by P4,6 and
P5, while the third proton might preferentially associate
with P1,3 and be probably shared between neighbouring
P groups (Table S5) (Veiga et al. 2014). Further analyzing
the chemical shifts of different P groups, we found that
P1,3 and P4,6 mainly formed inner-sphere complexation,
while P2 and P5 simultaneously produced inner-sphere
complexation and deprotonation during the adsorption
(Table S6). It was speculated that the adsorption of P2
and P5 could break their hydrogen bonding with protons,
resulting in deprotonation, while this process was weak-
ened by the remaining hydrogen bonding in the adsorp-
tion of P1,3 and P4,6, resulting in a lack of downfield shift
in the spectra (Fig. 4b—d and Table S6) (Xu et al. 2021a).
This effect was also reflected in the preferential adsorp-
tion of these P groups that had a stronger and more
association with protons; P1,3 would become the best
candidates for charge attraction to the negatively charged
CaBC surface (Fig. 1f) (Chen and Arai 2019). Moreover,
these results also directly indicated that IHP could adsorb
onto CaBC through multiple P groups at the same time
and achieve much higher adsorption than others (Fig. 2).
The identification of the preferential affinity between dif-
ferent P groups of IHP and CaBC was helpful to under-
stand the internal interaction between CaBC and IHP,
and also provided a basis for our subsequent calculations.

3.6 Further confirmation of adsorption mechanisms
by DFT method

The adsorption behaviors of OPs on CaBC were various
and different. Therefore, in order to further explore the
interactions between them at the molecular levels, we
integrated the results above into DFT calculations. The
optimized model structures were chosen considering the
effect of solution pH on the deprotonation of OPs (Fig. 1f
and Table S3), which are shown in Fig. S9.

We first calculated the molecular electrostatic poten-
tials (MEP) of CaBC and OPs, to interpret the relative
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orientation of molecules in complex conformation, and
determine the adsorption sites of CaBC and Ops (Fan
et al. 2022). The results showed the regions of upper and
lower potential, as designated by red and blue colors,
respectively (Fig. 5a, b). Consistently, the calcium-based
active sites altered the original charge distribution of bio-
char significantly (Hashemzadeh et al. 2024). The differ-
ence in electronegativity between calcium and carbon
atoms efficiently modulated the charge distribution near
the doping position, thus causing charge transfer and
producing the largest positive potential in the promi-
nent part of calcium (Fig. 5a) (Ma et al. 2023). Moreover,
other regions of CaBC also became generally positive
potential, creating conditions for the adsorption of OPs
through electrostatic interaction (Fig. 5a). On this basis,
we speculated that the differences in MEPs of OPs might
have influenced their adsorption behaviors. The results
showed that all OPs had the lowest negative potential
of molecules at their P groups, which made them eas-
ily adsorbed onto the positive potential regions of CaBC
(Fig. 5b). In addition, the absolute values of the lowest
potential sites of OPs decreased according to the trend of
IHP > ATP >GP>G6P (Fig. 5b). Thus, IHP might have a
prominent adsorption capacity for CaBC, corresponding
to the results of adsorption and zeta potentials (Figs. 1f
and 2).

Molecular orbital (MO) theory provides a visual rep-
resentation for recognizing the reactivity of molecules
(Habiba et al. 2022). We calculated the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of OPs to explore their poten-
tial to interact with CaBC (Fig. 5c). The results showed
that the energy gaps between HOMO and LUMO exhib-
ited a trend of GP > IHP > ATP > G6P. Generally, the larger
the gap is, the more energy is required to transform from
LUMO to HOMO is required, and the less reactive the
molecule is (Habiba et al. 2022). Therefore, the reactiv-
ity of OPs was G6P >ATP >IHP >GP. Further analysis
of MO diagrams of OPs indicated that their distribu-
tions of HOMO and LUMO were in line with those of
the electric charge (Fig. 5b, c). Concretely, HOMO and
LUMO were respectively distributed on both sides of the
molecular structures, and the HOMO was always occu-
pied by P groups, suggesting that OPs were highly capa-
ble of electron transfer and owned strong activity (Liang
et al. 2022). In addition, we further analyzed the diagrams
of IHP, and found that the LUMO was concentrated at
P1/P3 determined by 3'P NMR, while the HOMO was
mainly distributed at P4,6, and also at P3/P1 (Figs. 5¢
and S7), which indicated that P groups at P1,3, P4,6 were
more active, consistent with the NMR results above.

After determining the adsorption sites of CaBC and
OPs, we attached these OPs to the optimal structure of
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CaBC, and the matched structural diagrams and adsorp-
tion energy data were shown in Fig. 5d, e. The adsorption
energy (E, ) is a fundamental thermodynamic parameter
used to quantify the changes in the total energy of the
system before and after adsorption, which is considered
a key criterion for elucidating the complexity of adsorp-
tion mechanism (Yan et al. 2020). The negative values of
adsorption energy confirmed that the adsorption reac-
tion was energetically spontaneous (Du et al. 2022). We
found that the absolute value of E 4 decreased in the
order of ATP>GP >IHP >G6P. The higher the absolute
value of adsorption energy was, the stronger the adsorp-
tion of OPs on CaBC was occurred.

Taken together, the results of DFT calculations
were not entirely correspond to the results that the
adsorption capacities on CaBC followed the trends:
IHP > GP >G6P > ATP, and with the adsorption of IHP
being much larger than others. One important reason
for this contradiction was that DFT calculation only
considered the most stable conformation when a single
OP molecule underwent adsorption on CaBC, while the
adsorption of OPs on CaBC occurred simultaneously
with multiple molecules in batch experiments. Therefore,
our understandings of the DFT calculation results needed
to be based on the adsorption results of batch adsorp-
tion. Specifically, IHP exhibited the highest adsorption
despite its poor reactivity and affinity, suggesting that the
adsorption of IHP was mainly controlled by its negative
charge (Fig. 5b). Besides, with multiple P groups involved
in surface coordination (Fig. 4), IHP could form more
stable surface complexes (Yan et al. 2014a).

Compared with considering only a single group, syn-
ergistic adsorption of multiple P groups was believed to
increase the absolute value of E g, explaining why IHP’s
high adsorption capacity coexisted with its low E 4 for a
single P group with CaBC (Huang et al. 2025). The spe-
cific quantitative analysis of this process requires future
in-depth characterization through competitive adsorp-
tion experiments or binding energy calculations. Corre-
spondingly, we found that when the highly reactive P1/
P3 was chosen to form adsorption with CaBC based on
the NMR results, P2 could also undergo adsorption, pro-
ducing simultaneous adsorption of multiple P groups at
the same calcium active site (Fig. 5e). In order to mini-
mize the cation-cation electrostatic repulsion, the caluim
(Ca*") on CaBC tended to move away as far as possi-
ble from the incoming proton (HY), towards the P1,3-
P2 zone and causing the adsorption of P2 (Veiga et al.
2014). During this process, the protons rearranged so
that the first proton was associated with P3/P1 and P2,
the second could fill the P3/P1-P4,6 zone and the last one
would be attached to P5 and P4,6. Moreover, in the con-
formations of 1 axial-5 equatorial (1a5e) (Fig. S7), it was
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reasonable to suggest that P4,6 and P5 could be associ-
ated with other CaBC, and bridge more CaBC together,
which has been also reported by others (Xu et al. 2021a).
The particle bridging effect may further promote the
adsorption of IHP and increase the stability of CaBC-IHP
after adsorption.

Compared to IHP, GP and G6P could only bind to
CaBC through one P group. Their carbon chains and glu-
cose moieties were spatially site-blocked from the CaBC
surface, attenuating their adsorption although both of
them have higher affinity or reactivity than IHP (Fig. 5d,
e) (Chen et al. 2021). Additionally, observing the struc-
tural diagrams of GP and G6P after adsorption, we could
find that their adsorption significantly occupied the
surface space of CaBC, which would in turn reduce the
subsequent continued adsorption of OPs (Fig. 5e). Theo-
retically, the affinity of ATP was greater than that of GP
and G6P because the adenosine moiety of ATP was far-
ther away from the terminal P group, and thus had less
influence on ATP adsorption (Xu et al. 2021b). Moreo-
ver, tri-polymerized P groups in ATP could be coordi-
nated to the surface through more hydroxyl groups (Yan
et al. 2014a), which was in agreement with the affinity
and reactivity between CaBC and ATP (Fig. 5e). How-
ever, it was found that the adsorption of ATP was lower
than that of GP and G6P, which might be due to the
larger relative molecular mass of ATP (505) than that
of GP and G6P (172 and 260). The molecular weight of
OPs was related to their spatial site resistance effect on
the surface of CaBC (Chen et al. 2021). The higher the
molecular weights, the higher its spatial site resistance
is, and the more difficult the adsorption of OPs is. There-
fore, although ATP had a higher affinity with CaBC, its
larger molecular weight limited its adsorption behavior
on the surface. At the initial stage of adsorption, ATP
adsorbed rapidly on CaBC with high affinity. Later, the
continuously increasing repulsive force between ATP
and the spatial site inhibition between ATP and CaBC
made adsorption difficult, which finally masked the
intrinsic adsorption affinity advantage of ATP. Consist-
ent with this, although ATP also has multiple P groups
and showed a higher affinity with CaBC, its adsorption
capacity was much lower than that of IHP (Fig. 2). These
results further emphasized the strong restriction on the
adsorption by the space occupation of the carbon chains
in the ATP molecular structure.

In conclusion, the combination of DFT calculations and
characterizations helped us to jointly understand the rea-
sons for the differential adsorption behaviors of CaBC for
different OPs. The underlying mechanism governing the
adsorption process could be presented with a schematic
illustration, with a comprehensive coverage of adsorption
phenomena, including chemical precipitation, diffusion
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process, hydrogen bonding, and electrostatic interaction
(Fig. S10).

We further preliminarily measured the contributions
of these mechanisms (Fig. S11), and the results showed
that the importance of them varied among OPs. For
IHP, GP and G6P, the Ca-P precipitations produced by
PO,>~ accounted for considerable proportions of adsorp-
tion capacity, reaching 61.93-70.71%, indicating that the
chemical precipitation played a dominant role during
adsorption, while the contributions of hydrogen bond-
ing and electrostatic attraction were only 29.29-38.07%.
While for ATP, hydrogen bonding and electrostatic
attraction played more significant roles, reaching 66.51%,
consistent with the density functional theory (DFT) cal-
culation results, where P groups in ATP were all attracted
by calcium-based active sites. The weak influence of ionic
strength indicated that the role of pore diffusion in this
process was relatively small (Fig. 2c). The dissection of
these mechanisms enhanced our understandings of the
adsorption differences among OPs. It is worth noting that
due to the structural complexity of OPs, their adsorption
on CaBC may proceed stepwise. DFT calculations and
non-in-situ characterizations have elaborately revealed
the results of the adsorption of OPs on CaBC, but visual-
izing the process still requires the application of transi-
tion state analysis and in-situ characterization in future.

3.7 Mechanism of the effects of co-existing ions and pH
on the adsorption of OPs

The coexisting anions and cations including Na*, Ca®*,
Cl, SO,* had little effect on the adsorption of OPs
(Fig. 2¢), consistent with the potential for forming inner-
sphere complexation by CaBC (Wan et al. 2023). Nev-
ertheless, at high ionic strength (10 mM), the coexisting
HCO;™ reacts with the calcium-based active sites of
CaBC through ligand exchange and precipitation for-
mation, markedly reducing the removal efficiency of
14.43-26.53% (Wan et al. 2023; Yin et al. 2024). Further-
more, the weak influences of Cl~ and SO,>” indicated
that ligand exchange of anions played a relatively small
role in reducing OPs’ adsorption (Zhang et al. 2019).
Unlike co-existing ions, the pH of the solution may have
a significant impact on both the surface properties of
CaBC and the morphology of OPs. However, as the pH
increased, the zeta potentials of CaBC only changed
slightly (Fig. 1f), but OPs gradually underwent a depro-
tonation process, leading to an increase in their negative
charge (Fan et al. 2022). DFT calculations showed that
after modification, localized positive charges appeared
in the CaBC, which increased the adsorption of OPs
(Fig. 5a). Therefore, the increase in the negative charge
of OPs caused by an increase in pH could enhance the
electrostatic attraction between OPs and calcium-based
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active sites, thereby increasing the adsorption of OPs.
Furthermore, under these conditions, Ca>* was also eas-
ily adsorbed by OH™ in the solution, generating more
Ca-OH as the increase in pH, and thus promoting the
adsorption of OPs through electrostatic attraction and
hydrogen bonding, etc. (Li et al. 2023). This process
might also explain why the adsorption of OPs (GP, G6P,
and ATP) was still affected by an increase in pH after
complete deprotonation (Table S3). Overall, environmen-
tal conditions directly or indirectly affected the adsorp-
tion behaviors of CaBC for OPs. However, calcium active
sites had high stability and could maintain the removal
ability of CaBC for OPs under different conditions, which
has been proven to have great potential for P pollution
control.

3.8 Evaluation of desorption capacity of CaBC-OPs
Understanding the desorption capacities of OPs after
adsorption could better evaluate the role of CaBC in the
rational utilization of resources. The desorption of OPs
was rapid within 0.5 h, after which it gradually reached
equilibrium (Fig. S12). The rapid desorption at the
beginning might be due to the equilibrium shift of OPs
adsorbed on CaBC between the solid-phase surface and
initial phosphorus-free solution, leading to desorption
of OPs from the CaBC surface. Besides, the Cl™ in solu-
tion could also undergo ion exchange with OPs. And as
the concentration of OPs increased, their release became
more difficult, until an adsorption—desorption equilib-
rium was achieved (Ruttenberg and Sulak 2011).

In addition to the same changing trends, we found that
the OPs desorption capacity of CaBC varied. Specifically,
the OPs desorption rates of CaBC-GP and CaBC-G6P
were significantly higher than those of CaBC-IHP and
CaBC-ATP (Fig. 6a and Table S7), similar to the results
of an existing study (Yan et al. 2014a). Combined with the
characterization of CaBC adsorption of OPs above, the
differences might be related to the strength of adsorption
that OPs formed with CaBC. We calculated HOMO and
LUMO before and after the adsorption of OPs on CaBC
to gain insights into the desorption differences (Figs. 5a
and 6b). After adsorption, the energy gaps of complexes
were reduced compared to those of OPs and CaBC,
which was inconsistent with the results of phosphate
adsorption on calcium-modified biochar, indicating that
the adsorption of OPs created pronounced effects on the
stability of CaBC structure due to their larger molecular
weights (Yin et al. 2021).

Among these OPs, the energy gaps between HOMO
and LUMO showed a trend of CaBC-G6P>CaBC-
GP >CaBC-IHP > CaBC-ATP (Fig. 6b). Therefore, after
adsorption, the reactivity showed a trend of CaBC-
ATP >CaBC-IHP > CaBC-GP > CaBC-G6P. Further
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Fig. 6 HOMO and LUMO energies of CaBC after adsorption (a); the effects of coexisting ions, ionic strength, and pH values on desorption (b). The
gray, white, red, yellow, orange, and blue spheres represent C, H, O, Ca, P, and N atoms, respectively

analysis of diagrams revealed that the HOMO and LUMO
distributions of CaBC-GP and CaBC-G6P were mainly
in the CaBC fraction, whereas those of CaBC-ATP and
CaBC-IHP showed some variations between CaBC and
OPs, accompanied by electron transfer in this process,
indicating that CaBC-ATP and CaBC-IHP should have
high activity and poor structural stability (Liang et al.
2022). However, as we have also mentioned above, mul-
tiple P groups of IHP could be adsorbed to form more
stable surface complexes (Fig. 1c). Therefore, when we
only considered the involvement of a single P group in
the adsorption of CaBC-IHP, the complexes formed
might have poorer stability. The poorer stability but
lower desorption rate of CaBC-ATP may be related to the
lower adsorption amount of ATP, in which the repulsive
force between ATP inside CaBC-ATP was less and the
adsorbed ATP was more difficult to desorb (Fig. 2). Thus,
in addition to the inherent adsorption differences caused
by the molecular structures of OPs, the actual adsorption
conditions of OPs on CaBC could also affect their des-
orption behaviors.

Moreover, further analysis revealed that the desorption
behavior of OPs was influenced by environmental factors.
The decrease in desorption rate caused by the increased
pH (from 6 to 8) might be related to the increased affinity
between CaBC and OPs, aligning with the pH-depend-
ent removal efficiency trends of OPs by CaBC (Figs. 2c
and 6¢), which together confirm pH’s consistent roles
in both adsorption and desorption. Under the same
pH conditions, the increase in ionic strength promoted

the desorption of OPs, while the presence of HCO;~
reduced it (Fig. 6¢c). An increase in the concentration
of CI” would compress the thickness of double electric
layer on CaBC surface and weaken the effective distance
of electrostatic attraction between CaBC and OPs.
These factors enhanced the ability of CI” to compete for
active sites with OPs, further leading to the occurrence
of ligand reaction (Tofan-Lazar and Al-Abadleh 2012).
Compared with CI-, the lower charge density and larger
hydration radius of HCO;™ result in a slower migration
rate in the diffusion layer, and the dynamic equilibrium
of its protonation may reduce the effective competitive
concentration, showing a competitive adsorption disad-
vantage compared to CI” (Zhang et al. 2019). Therefore,
understanding these differences could be crucial for the
rational selection of adsorption materials and the optimi-
zation of water treatment processes.

3.9 Potential application of CaBC as a P synergistic
material

Biochar is a highly stable adsorption material produced
by pyrolysis, which could last for a long time in soil and
water. However, the adsorption and desorption behav-
iors of OPs on biochar have been overlooked previously
for efficient P management. In this study, CaBC with
eggshell and corn straw as raw materials was prepared,
which could effectively adsorb various OPs, including
IHP, GP, G6P, and ATP, and be reused as a slow-release
fertilizer. Based on the results of this and previous stud-
ies, calcium-modified biochar showed good adsorption
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and release effects of various P components, including
IPs and OPs, which may have great potential in improv-
ing the efficient utilization of P. Moreover, both raw
materials used for calcium-modified biochar were wastes
in agricultural production and daily life. When we con-
ducted a life cycle evaluation of CaBC to understand
its ecological benefits, the environmental impact of the
preparation process would be minimized, which had a
significant advantage in realizing green management
compared to the modification with purified reagents such
as CaCl, (Chen et al. 2024).

Overall, CaBC has demonstrated high adsorption
capacity for P and outstanding anti-interference abil-
ity, and has breakthrough value in areas such as targeted
environmental remediation, long-term phosphate fixa-
tion, and precise functional material design. Phosphorus
in agricultural non-point source pollution and indus-
trial wastewater has strong mobility. CaBC effectively
achieves selective capture and long-term fixation of
phosphorus through chemical fixation and physical inter-
ception, reducing phosphorus environmental pollution.
The phosphorus adsorbed by CaBC can be converted
into inorganic phosphorus through biodegradation and
mineralization, or recovered and directly used for agri-
cultural fertilization, forming a closed-loop cycle of pol-
lution-resource-agriculture (Chandrasekaran et al. 2024).
However, the results of this study also demonstrate the
significance of "customized" adsorption materials. Due
to the differences in molecular structure, the mechanism
of action of different organophosphorus is significantly
different from that of CaBC, providing a design basis for
the precise modification and scene adaptation of CaBC to
match the structural requirements of pollutants, and pro-
moting the upgrade of materials from general to special-
ized (Singh et al. 2023).

4 Conclusion

This study unveiled the leaching-control and sustained-
release roles of calcium-modified biochar on different
organic phosphorus. Manipulation experiments and
theoretical calculations collectively confirmed that the
interactions between OPs and CaBC were different. The
adsorption of ATP occurred mainly through hydrogen
bonding and electrostatic interactions, while that of the
others took place through chemical precipitation, where
calcium-based active sites played an important role. The
specific adsorption and desorption rates of OPs could
also be influenced by their molecular structures, includ-
ing P groups and carbon chains. Therefore, our study
proved the importance of considering component differ-
ences in controlling the leaching loss and improving the
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rational utilization of OPs. These differences persisted
stably under different environmental conditions, includ-
ing co-existing ions, ionic strength and pH. These find-
ings would not only deepen the understanding of the
coupling law of OPs’ molecular structure-CaBC adsorp-
tion mechanism, but also lay a theoretical and technical
foundation for precise design, scenario adaptation, and
engineering application of biochar from general-purpose
adsorption materials to targeted functional materials.
Future research should focus on assessing the adsorption
and desorption behaviors of CaBC for OPs in practical
soil and waterbodies, thereby minimizing the environ-
mental risks posed by P-class compounds in the natu-
ral environment. Moreover, customized optimization
of CaBC should be carried out to maximize ecological
benefits.
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